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ABSTRACT
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Title: Investigation of Peptide-Lipid Interaction by Molecular Dynamics Simulation
Committee Chair: Ganesan Narsimhan

Antimicrobial peptides (AMPs) inactivate microbial cells through pore formation in cell
membrane. Because of their different mode of action compared to antibiotics, AMPs can be
effectively used to combat drug resistant bacteria in human health. AMPs can also be used to
replace antibiotics in animal feed and immobilized on food packaging films. We developed a
methodology based on mechanistic evaluation of peptide-lipid bilayer interaction to identify AMPs
from soy protein. Production of AMPs from soy protein is an attractive, cost-saving alternative
for commercial consideration, because soy protein is an abundant and common protein resource.
This methodology is also applicable for identification of AMPs from any protein. Initial screening
of peptide segments from soy protein was based on their hydrophobicity, hydrophobic moment
and net charge. Delicate balance between hydrophilic and hydrophobic interactions is necessary
for pore formation. High hydrophobicity decreases the peptide solubility in aqueous phase whereas
high hydrophilicity limits binding of the peptide to the bilayer. Out of several candidates chosen
from the initial screening, two peptides satisfied the criteria for antimicrobial activity, viz. (i) lipidpeptide binding in surface state and (ii) pore formation in transmembrane state of the aggregate.
This method of identification of antimicrobial activity via MD simulation was shown to be robust
in that it is insensitive to the number of peptides employed in the simulation, initial peptide
structure and force field. Their antimicrobial activity against Gram positive Listeria
monocytogenes and Gram negative Escherichia coli was further confirmed by spot-on-lawn test.

xvi
The effects of (i) number of total and net charges, (ii) hydrophobicity (iii) hydrophobic moment
and (iv) helicity of peptides from soy protein on their ability to bind to lipid bilayer and their
transmembrane aggregates to form pores were investigated by explicit solvent MD simulation.
Interaction of possible AMP segments from soy protein with 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPC/POPG) bilayers, a
mimic of bacterial cell membrane, was investigated. Pore formation was insensitive to helicity and
occurred for hydrophobicity threshold in the range of -0.3 to 0 kcal/mol, hydrophobic moment
threshold of 0.3 kcal/mol, net charge threshold of 2. Though low hydrophobicity and high number
of charges help in the formation of water channel for transmembrane aggregates, insertion of
peptides with these properties requires overcome of energy barrier, as shown by potential mean
force calculations, thereby resulting in low antimicrobial activity. Experimental evaluation of
antimicrobial activity of these peptides against Gram positive L. monocytogenes and Gram
negative E. coli as obtained by spot-on-lawn assay was consistent with simulation results. These
results should help in the development of guidelines for selection of peptides with antimicrobial
activity based on their physicochemical properties.
MD simulation was also employed to investigation interaction between amyloid β (Aβ) peptide
and lipid bilayer. Some amyloid-related proteins/peptides are involved in aggregation and pore
formation in phospholipid membranes (cell membranes), which result in a variety of neurological
disorders such as Alzheimer disease (AD), Parkinson disease (PD), Huntington disease etc. We
investigated the mechanism of pore formation by Aβ peptides using MD simulation by simulating
the interaction of Aβ (11-42) peptide, with lipid membrane and evaluated the potential of mean
force of interaction. 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane
system with different cholesterol concentration was used to simulate mammalian cell membrane.

xvii
The results indicated that Aβ (11-42) peptide oligomers with peptide number larger than two are
more likely to lead to lipid deformation and water channel, and the free energy of penetration into
membrane decreased with increasing number of peptides. Increasing concentration of cholesterol
leads to higher energy barrier for penetration of peptide into lipid bilayer thereby protecting the
membrane. The results of this research have potential application in the prevention of pore
formation on lipid membrane by Aβ aggregates.

1

INTRODUCTION

1.1

Motivation

The application on conventional antibiotics against pathogenic bacteria has decreased in recent
decades, because of the rising concern of generation of multi-resistant bacteria. As compared to
the traditional antibiotics, antimicrobial peptides (AMPs) kill bacteria rapidly and can target
multiple pathogens. AMPs inactivate microbial cells through pore formation in cell membrane.
Since they have different mode of action compared to antibiotics, AMPs can be effectively applied
to combat drug resistant bacteria in human health, they can also be employed to replace antibiotics
in animal feed, used as antimicrobial coating in food packaging film and natural food additives.
Current research of AMPs is mainly focused on naturally occurring peptides, such as melittin from
bee venom [1], cecropin from insects or pig intestine [2, 3], maculatin from skin of some tree frog
[4], and several AMPs from plants [5, 6] etc. There have also been attempts on designing synthetic
peptides that exhibit antimicrobial activity [7, 8]. However, naturally occurring AMPs are of
limited availability. Designing optimally active synthetic antimicrobial peptides (SP) by empirical
screening of large numbers of potential candidates is cost prohibitive. SP also suffers from the
drawback of toxicity. These problems can be overcome by economical production of AMP from
abundant common sources of protein. It is therefore imperative that a rational methodology be
developed for identification of peptide segments (with antimicrobial activity) belonging to a
natural protein such as soy protein, which is an attractive, cost-saving resources for commercial
consideration.

2
The prediction of antimicrobial activity of a peptide should consider a combination of
physicochemical properties such as size, charge, hydrophobicity, residue composition and
conformational features such as secondary structure and amphiphilic character [7]. Some online
AMP prediction tools [9-19] have been developed for prediction of peptides that have
antimicrobial activity, based on physiochemical properties of known AMPs. However, it is
impossible to take every variation into account: the important factors such as mechanisms of
action, structure, mode of interaction with membrane, etc. are difficult to describe in a statistical
algorithm. Molecular dynamics (MD) simulation could be an alternative in prediction of
antimicrobial activity, since it can provide a mechanistic and intuitive information relate to
peptide-lipid interaction. In addition, it avoids expensive experimental trials and could decrease
the cost of producing AMPs. As a result, it has been applied to design and characterization of many
novel AMPs [20-25].
MD simulation can also be applied to researches on pore formation mechanism by amyloid β (Aβ)
peptides. Pore formation in cell membranes by Aβ aggregates is believed to be one of the key steps
leading to Alzheimer disease (AD), but the exact mechanism of pore formation and cell death in
such cases is not well understood. Elucidation of this mechanism will help greatly in the
development of strategies for effective treatment of AD [2-5]. In addition, the association between
cholesterol and development of AD still remains unknown. MD simulation has been widely
applied to study the pore formation mechanism by Aβ peptides at atomistic level [26, 27], and can
complement experimental studies by exploring different time and length scales [27].

1.2

Objectives
a. Investigation of the effect of physicochemical properties (charge, hydrophobicity,
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hydrophobic moment and helicity) of peptides from soy protein on their antimicrobial
activity.
b. Development of a rational methodology for identification of AMP segments from soy
protein, based on the combination of physicochemical properties and investigation of
peptide-lipid interaction and pore formation in lipid membrane using MD simulation.
c. Validation of the prediction results by exposing identified peptide segments to L.
Monocytogenes (Gram positive bacteria) and E.coli (Gram negative bacteria), to determine
their minimum inhibitory concentration (MIC).
d. Employment of MD simulation on investigation of pore formation mechanism by Aβ (1142), and demonstrate the effect of cholesterol on binding and penetration of lipid membrane
by Aβ (11-42).

1.3

Organization of the dissertation

This dissertation will present the utilization of MD simulation on investigation of peptide-lipid
interaction and pore formation by peptides in lipid membrane. The motivation and objectives for
this research are presented in Chapter 1. Chapter 2 presents a literature review on antimicrobial
peptides and their mechanisms of pore formation on lipid membrane, in addition to recent
researches on use of MD simulation on investigation peptide-lipid interaction and design of novel
AMPs. Chapter 3 presents the investigation of effect of physicochemical properties (charges,
hydrophobicity, hydrophobic moment and helicity) of peptides from soy protein on their
antimicrobial activity, by investigation of lipid deformation and water channel formation using
MD simulation. Chapter 4 describes the development of a methodology for identification of AMPs
from soy protein. Chapter 5 presents interaction between Aβ peptides and lipid membrane to
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illustrate mechanism of pore formation induced by Aβ (11-42) peptide oligomers. Chapter 6
summarizes the research presented in the dissertation and give the future recommendation.
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LITERATURE REVIEW

2.1

Introduction

Pore formation in bacteria cell membrane by antimicrobial peptides (AMPs) could result in cell
death due to leakage of cytoplasm. Experimental techniques such as fluorescent [1], oriented
circular dichroism (CD) [2] and nuclear magnetic resonance (NMR) [3] spectroscopy, x-ray
crystallography [2], transmission electron microscopy (TEM) [4], confocal laser scanning
microscopy (CLSM) [5], atomic force microscopy (AFM) [6], etc. have been employed to monitor
the pore formation, secondary conformation of AMP, orientation of AMP as well as the lipid and
thinning of the membrane. However, experimental studies are not sufficient to demonstrate the
mechanism of pore formation by AMPs at atomistic scale, because they only provide time and
space averaged properties [7]. To complement experiments, molecular dynamics (MD) simulation
is applied widely nowadays in studying AMPs induced pore formation in cell membrane by
exploring different time and length scales at atomistic level [7]. Therefore, MD simulation has
been applied to (i) develop and demonstrate mechanism of pore formation by AMPs, (ii) predict
novel peptides that has antimicrobial activity, (iii) elucidate the effects of ions and lipid types on
pore formation, (iv) provide size and 3D topology of formed pore, (v) calculate peptide and lipid
properties over simulation time and (vi) evaluate free energy change of peptides transferring from
aqueous environment to membrane environment or vice versa. As the a result, MD simulation has
potential applications on pharmaceutical/food/animal feed areas for developing novel AMPs to
replace traditional antibiotics, and on pharmaceutical/material science areas to develop
methodologies to prevent pore formation.
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2.2

Antimicrobial peptides

Antimicrobial peptides (AMPs) belong to a large and varied class of relatively short peptides
family, typically containing 10-50 residues [8, 9]. They are part of the host-defense system in many
living organisms, capable of killing fungi, enveloped viruses, Gram negative and Gram positive
bacteria [10] . Many of these peptides are believed to disrupt or permeabilize the cell membrane,
leading to cell lysis and death [11, 12]. The application of conventional antibiotics against
pathogenic bacteria has decreased in recent decades, because of the rising concern of generation
of multi-resistant bacteria. As compared to the traditional antibiotics, AMPs kill bacteria rapidly
and can target multiple pathogens. This renders them of great interest as potential alternatives to
small-molecule antibiotics and highly relevant from a pharmaceutical perspective [13].
Pore formation by AMPs in phospholipid bilayers begins by electrostatic attraction followed by
attachment and penetration of the cell membrane and has been subject of several investigations [2,
14-17]. The types of AMPs that results in pore formation on cell membrane can be varied based
on their mechanisms of action, structure, mode of interaction with membrane, etc. [18]. For
examples, AMPs can be classified as linear cationic antimicrobial peptides (LCAP), cationic
peptides stabilizing structure by interchain covalent bond (CCP), peptides rich in proline and
arginine (PRP), etc. [19]. However, AMPs share some common properties, for instances, they are
short peptides (normally 10-50 residues) [8, 9], with high hydrophobicity which is required for
lipid binding [20]. The higher amount of net charges can result in more interaction with anionic
membrane [20]. Figure 1 [21] shows schematic of attachment of helical AMPs to lipid membrane
as well as a pore formed by its aggregate which leads to leakage of cytoplasm from a bacterium.
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Figure 2-1. Adapt from [21]. Schematic of AMPs attach to lipid bilayer and form pore, resulting
in cytoplasm leakage from interior of a bacterium.

It has been shown that many AMPs adopt an α helical secondary conformation in the hydrophobic
environment of lipid bilayer [22], such as magainin from the African clawed frog [23]. Some
AMPs adopt β-sheet structure and often stabilized by disulfide bridges, such as protegrin I and
human β-defensin-3 (HBD-3) [24]. These peptides form oligomeric transmembrane β-barrel in
lipid membranes [25]. Other AMPs that form random coil structure in lipid environment are
classified as extended AMPs, such as indolicidin. Random coil AMPs are often rich in certain
amino acids, specifically Pro, Arg and Trp [24].
Pore formation by AMPs can be affected by a combination of physicochemical properties of AMPs
such as size, charge, hydrophobicity, residue composition and conformational features such as
secondary structure and amphiphilic character. The size, charge and hydrophobicity of a peptide
can be calculated and quantified; also the amphiphilic character and secondary structure can be
inferred from hydrophobic moment [26]. Since the cell membrane of bacteria are normally
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negatively charged, positive net charge of AMP could lead to a favorable peptide-membrane
binding, , due to electrostatic interaction [27]. High number of charges, however, would also result
in difficulty in penetration of peptides from membrane surface to interior, because of favorable
water-peptide interaction and phospholipid heads-peptide interaction [28]. Moreover, the
confinement of charges within the pore can result in a higher energy barrier for pore formation [4,
5, 29]. As a result, the number of charges for a potential AMP is expected to be within a certain
range. Peptides with high hydrophobicity would encounter a smaller free energy barrier when they
penetrate the bilayer from aqueous

to lipid environment [20]. However, sufficiently large

hydrophobicity can cause peptides to aggregate in the aqueous environment [26]. Therefore,
naturally occurring AMPs are found to have hydrophobicity in a moderate range [30]. The
distribution of hydrophobic and hydrophilic residues determines the amphipathicity of a peptide
[31]. Alternating sequence of hydrophobic and hydrophilic residues along the peptide backbone
will result in orientation of hydrophobic groups outwards into the lipid environment and facilitate
formation of water channel by its aggregate with the hydrophilic groups pointing inwards [32].
The distribution of hydrophobic and hydrophilic residues can be deduced from the hydrophobic
moment [33].

2.3

Amyloid β peptide

Amyloid β peptide (Aβ) oligomers result in pore formation in cell membranes, and it is believed
to be one of the key steps leading to various neurological disorders such as Alzheimer disease
(AD), Parkinson disease (PD), spongiform encephalopathies, amytropic lateral sclerosis,
Huntington disease [34]. This mechanism of toxicity is similar to that displayed by antimicrobial
peptides. Pores formed in cell membranes result in ion channels which in turn lead to imbalance
of Ca2+ ions resulting in cell death [34, 35]. Atomic force microscopy studies reveals formation of
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pores in lipid bilayers by Aβ (1-42) [36, 37], with an 8−12 nm doughnut-shaped structure and a
1−2 nm internal pore cavity [10], and composed of 3 to 6 Aβ β-sheet subunits [38]. Figure 2 [38]
shows AFM image and of Aβ composed pore by 5 Aβ subunits, and a simulated pore based on
AFM image.

Figure 2-2. AFM and MD simulations reveal pore-like structures of Aβ Peptide, adapt from [38].
A. AFM image shows Aβ pore consist of 5 subunits. B. Aβ pore with 5 subunits constructed by
MD simulation.

MD simulation has been widely applied to study the pore formation mechanism by Aβ peptides to
complement experimental studies [7]. Tofoleanu et al [39] used MD simulation to study the
interaction between Aβ (1 - 40) dimer and POPE (phosphatidylethanolamine) membrane, and
demonstrated that electrostatic interaction between the dimer and the membrane is the main driving
force for conformational change, and that this interaction resulted in membrane thinning. Some
studies suggested helical Aβ structure at water-membrane interface [40-44], whereas some
indicated β-sheet structure [45-47]. Aβ pores were constructed using MD simulations, including
both helical and β-sheet secondary structures [46]. Jang et al. developed Aβ channels using β-sheet
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U-shape Aβ (17 – 42), and observed water and ion across membrane through the Aβ channels [4850].

2.4

Mechanisms of Pore Formation

Several studies of pore formation by AMP on model membranes has elucidated different
mechanisms of pore formation such as hydrophobic (Barrel-Stave) pore, hydrophilic (toroidal)
pore or micelle formation (carpet mechanism) and has helped identify key factors that control pore
formation [51]. The schematic of three models is given in Figure 3 [51].

Figure 2-3. Adapt from [51]. A. Barrel-Stave pore, B. toroidal pore, C. carpet mechanism.
In the Barrel Stave model, peptides penetrate into lipid membrane like “staves”, no lipid bending
occurs for Barrel Stave model. Alamethicin is one of the typical AMP that forms a Barrel Stave
pore [52]. The studies on alamethicin showed that the peptides adopted an alpha-helical structure
in alamethicin-transmembrane pore. The hydrophobic residues faced to lipid tail region, and the
hydrophilic residues formed the interior region of the pore. The formation of Barrel Stave pore
mostly depend on the hydrophobic interaction between peptides and lipid membrane.
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In a toroidal pore, peptides are also required an alpha-helical structure to penetrate into lipid
membrane. However, when peptides insert into lipid membrane, the lipid head groups bend with
the charged residues of peptides, due to electrostatic interaction. Therefore, the formation of
toroidal pore needs cationic peptides such as melittin and magainin [53], etc. Then the hydrophilic
regions of peptides, together with bended lipid head groups, form the inner core of the toroidal
pore, and the hydrophobic residues of peptides are interact with the lipid tails.
The carpet model describes the phenomena in which peptides first accumulate on the surface of
lipid bilayer by electrostatic interaction, then with the increasing of peptide concentration, the
peptides cover numerous site of membrane like a carpet. At a critical peptide concentration,
peptides form transient toroidal pores to allow other peptide across to the other leaflet of bilayer.
Above certain peptide concentration, with both leaflet covering with peptides, the peptides disrupt
the bilayer in a detergent-like manner, and eventually form a micelle-like structure (lipid are
covered by peptides).
The differences between these three mechanisms are that in Barrel Stave model, the main
interaction is hydrophobic interaction, so peptide like alamethicin with high hydrophobicity can
construct the Barrel stave model. Whereas for a toroidal model, peptides are first attracted on the
lipid membrane by electrostatic interaction, and further hydrophobic interaction leads to peptide
penetration. Therefore, cationic peptides with relatively high hydrophobicity is a prerequisite for
formation of a toroidal pore. The peptides that form a toroidal pore can also disrupt lipid membrane
in carpet model, however, high peptide concentration is required in carpet mechanism. For all the
three mechanism, peptide need an alpha-helical structure at the interface in order to penetrate into
the lipid membrane. A separate hydrophobic and hydrophilic face is also required on the helix in
order to form a hydrophilic inner core which allows water molecules to pass through.
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2.5

Molecular dynamics (MD) simulation

MD simulation, a technique in which the evolution of positions of all atoms belonging to peptides
when interacting with phospholipid bilayer accounting for interatomic interactions such as van der
Waals, electrostatic etc. has been employed to evaluate the potential energy of interaction [54, 55],
peptide conformation [56], peptide orientation [57] and deformation of lipids [58-60]. MD
simulation has helped to (i) elucidate the conformation of peptides and their aggregates in the
presence of membrane-mimicking solvent mixtures, detergent micelles, and lipid bilayers; (ii)
mimic the process of adsorption of peptides to the membrane surface and (iii) describe the
assembly of multiple peptides and subsequent membrane deformation and water channel formation
[61]. As a result, MD simulation is increasingly being applied to peptide design [62].
The commonly used software packages for MD simulation for large biopolymers, which have open
program code, are AMBER [63], GROMACS [64], CHARMM [65] and NAMD [66]. These
software packages differ in their simulation codes, sampling methods, licensing models, force
fields, scalability and functionality, and therefore, all have their own advantages and limitations.
AMBER software, is consider to be better in simulation of large biomolecules such as proteins and
nucleic acids [67]. The implementation of GPU in AMBER significantly increased the simulation
speed for large system [68]. GROMACS has a strong-user-base and offers a lot of analysis module
[69]. CHARMM, one of the earliest MD simulation software, can reproduce lipid membrane
system well [70]. NAMD scales better in parallel performances [69], but it needs more memory
with large systems [71].
An extensive review of pore formation in lipid bilayer by various mechanisms can be found [72].
An investigated by MD simulation was porcin protegrin [73], which suggested the following
mechanism for its antimicrobial activity: electrostatic attraction to the anionic membrane;
dimerization; insertion into the membrane; and the formation of large aggregates that lead to
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transmembrane pores and a subsequent lethal flux of ions from the cytoplasm [62, 74]. A recent
MD simulation study [75] seem to indicate that complete insertion of the peptide in the bilayer
results in a stable straight helix with the N- and C-terminals electrostatically tethered to the
opposing head groups of the bilayer. These results also show that single peptides do not
spontaneously penetrate lipid membranes. However, MD simulation of 1-palmitoyl-2-oleoyl-snglycero-3-phosphocholine (POPC) bilayer indicated that four melittin peptides were able to
stabilize the pore through toroidal mechanism with bending of phospholipid heads leading to
water channel [76]. The use of MD simulation has a crucial potential to boost the discovery of new
AMPs that can be applied to pharmaceutical and food safety fields.

2.6

Prediction of AMPs from protein

Current research of AMPs is mainly focused on naturally occurring peptides, however, naturally
occurring AMPs are of limited availability. There have also been attempts on designing synthetic
peptides that exhibit antimicrobial activity, but designing optimally active synthetic antimicrobial
peptides (SP) by empirical screening of large numbers of potential candidates is cost prohibitive.
Additionally, SP also suffers from the drawback of toxicity. Commercial-scale production
platforms to produce AMPs are urgently needed, therefore, it is imperative that a rational
methodology be developed for identification of peptide segments (with antimicrobial activity)
belonging to a natural protein.
2.6.1

Online AMP prediction tool

Some methods for prediction of peptides that have antimicrobial activity have been developed.
Current physicochemical prediction methods indicated that the increase of hydrophobicity boosts
the lipid’s affinity [20]. The higher amount of net charges can result in more interaction with

16
anionic membrane [20]. Also it has been shown that many AMPs adopt an α helical secondary
conformation in the hydrophobic environment of lipid bilayer [22]. Although most physiochemical
methods use the α-helical peptides as the basis for study, another important parameter is
hydrophobic moment which is an index of α-helix formation: peptides with higher hydrophobic
moment may have a favorable α-helical structure [20]. The antimicrobial peptides prediction tools
that have been discussed in the literatures include AMPer [77], AntiBP [78], AntiBP2 [79],
ANTIMIC [80], antimicrobial peptide database (APD) [81], Collection of Antimicrobial Peptides
(CAMP) [82], classAMP [83], DAMPD [84], DBAASP [85], iAMP-2L [86], YADAMP [87], etc.
As AMPs are largely derived from natural resources, several databases for existing AMPs were
constructed, and alignment-based AMP predictions were performed in these databases [18]. In
addition, since the interaction of AMP and cell membrane cannot be depended on a specific amino
acid sequence pattern or motif, instead, a combination of physicochemical properties and
conformational features such as size, charge, hydrophobicity, residue composition, secondary
structure and amphiphilic character should be taken into account [18] and has been applied in some
prediction tools. Supervised machine learning methods were established to extract specific
physicochemical and compositional features from existing AMPs to classify AMP and predict
antimicrobial activity.
Online AMP prediction tools provide fast and convenient approach to identify peptides with
possible antimicrobial activity and can be applied to design novel AMPs. However, since most
AMP online prediction tools are database-dependent and classify AMPs and non-AMPs with
machine learning methods, these methods would result in limited identification of AMPs which
only have the similarity with known AMPs in their databases. Moreover, there is no experimentally
verified non-AMP database to provide characteristics for non-AMPs, which would obscure the
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discrepancy between AMPs and non-AMPs. Furthermore, the choice of comparison parameters
that distinguishes AMPs from non-AMPs is crucial, but it is impossible to take every variation into
account. The important factors such as mechanisms of action, structure, mode of interaction with
membrane, etc. are difficult to describe in a statistical algorithm. These deficiencies of current
online AMP prediction tools raises the demand for development of improved AMP prediction
methodologies.
Free energy change or energy barrier of a peptide from aqueous environment to lipid bilayer
environment could be considered as a parameter, since an essential difference between AMPs and
non-AMPs is that AMPs have a preference to penetrate into bilayer, and this has not been included
in any existing prediction tools yet. In addition, pore formation by AMPs follows certain patterns,
such as Barrel Stave model, toroidal model and carpet model [51], the design of prediction tool
can be based on the different features of the AMPs in these models. The increasing availability of
using computer-assisted design strategies would have a crucial potential to boost the discovery of
innovative AMPs that can be applied to pharmaceutical and food safety field.
2.6.2

Prediction of AMPs by MD simulation

MD simulation could be an alternative in prediction of antimicrobial activity, since it can provide
a mechanistic and intuitive information relate to peptide-lipid interaction. MD simulation has also
been used to design novel AMPs, by studying peptide-lipid interaction. AMPs such as melittin
[29], bactenecin [88] and indolicidin [89] have been used as templates for structure-guided design
by MD simulation [62]. Diana et al [90] designed a hybrid peptide CM15 using MD simulation,
which consists of peptide segments from melittin and cecropin A, and demonstrated this peptide
has improved antimicrobial activity with less cytotoxicity compared to melittin. Another hybrid
peptide BMAP27-Melittin, which contains segments from BMAP27 and melittin, designed by
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Almaaytah et al [91], also indicated less cytotoxicity without sacrificing antimicrobial activity by
experimental validation. A synthetic cecropin A-melittin hybrid peptide, cecropin A (1-8)-Melittin
(1-18), showed with leishmanicidal activity, its solution structure was generated by MD simulation
to investigate its conformational properties [92]. A designed, synthetic peptide known as MB21
showed membrane disruption ability, observed by MD simulation [93]. MG-H2, an analogue from
magainin-2, showed formation of toroidal pore in lipid membrane by MD simulation, was proved
to have antimicrobial activity [94]. Wu et al performed MD simulation for native melittin and its
mutant variants, by varying charge and hydrophobicity, and indicated native melittin has highest
antimicrobial activity and cytotoxicity, the mutants on the other hand, have negligible cytotoxicity
[4]. In addition, MD simulation was applied in the design of indolicidin [95] and ovispirin [96]
analogues.
MD simulation provides atomic details for peptide-lipid interaction and pore formation
mechanisms, moreover, it can avoid expensive experimental trials and would therefore decrease
the cost of producing AMPs. Therefore, MD simulation has been successfully applied in design of
many novel AMPs and prediction of antimicrobial activity, and has led to the development of
peptides with a twofold improvement in antimicrobial activity and a tenfold decrease in haemolytic
activity [97].
2.6.3

Production of AMPs from protein

Production of AMPs can be achieved by enzymatic hydrolysis. Enzymatic hydrolysis of proteins
in food industry is a common procedure to improve the functional and nutritional properties of
proteins [98, 99]. A web-based tool, PeptideCutter, is designed for the user to select protease that
will cleave the peptide at desired cleavage sites [100]. Most of the cleavage rules for individual
enzymes were deduced from specificity data summed up by Keil [101].
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2.7

Factors that affect the energy barrier for formation of pore by an aggregate of peptides.

When peptides initially placed in an aqueous environment, they need to overcome an energy
barrier in order to go inside to the lipid bilayer to form a pore [55]. The factors that affect the
energy barrier include
(i)

The environmental conditions such as ionic strength, temperature and dielectric constant,

etc. These factors have an impact on Debye Huckel parameter (κ), for examples, increasing of
ionic strength increases κ, increasing temperature or dielectric constant of the solvent decreases κ.
Change of κ have an effect on energy barrier: with the increasing of κ, the free energy induced by
electrostatic interaction would increase, therefore, the energy barrier would also increase [5].
(ii)

The types of lipid bilayer. The difference on bending modulus of different lipid bilayer

would have an effect on bending free energy [5]. Also, different lipid bilayer may have different
net charge for its lipid head groups, which would affect the electrostatic free energy [102]. The
thickness for different bilayer would also result in difference on both bending and electrostatic free
energy. These factors would therefore, affect the energy barrier.
(iii) The types of peptide. The charge, hydrophobicity, structure, length, sequence and
composition of a peptide would affect the energy barrier in different way. For example, peptide
that has a higher hydrophobicity will have a lower hydrophobic free energy, which therefore, can
have a lower energy barrier. There should be a subtle balance between numbers of charged residues
and hydrophobicity. On the one hand, peptides need to be attracted on the membrane surface by
electrostatic interaction. On the other hand, too many charged residues would increase the
electrostatic free energy, if these energy cannot be overcome by hydrophobic free energy, then the
peptides will not able to penetrate into the bilayer.
(iv) The peptide/lipid (P/L) ratio. With increasing P/L ratio, the energy barrier decreased [103].
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2.8

Conclusion

MD simulation, are applied widely in studying of AMPs induced pore formation on cell membrane.
MD simulation provides atomic details for peptide-lipid interaction and pore formation
mechanisms, in addition, it avoids expensive experimental trials and would therefore decrease the
cost of producing AMPs. MD simulation has been successfully applied in design of many novel
AMPs and prediction of antimicrobial activity, and has led to the development of peptides with
crucial improvement in antimicrobial activity and a significant decrease in haemolytic activity.
Therefore, MD simulation has potential applications for developing novel AMPs to replace
traditional antibiotics, or to develop methodologies to against pore formation.
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EFFECT OF PHYSICOCHEMICAL PROPERTIES OF
PEPTIDES FROM SOY PROTEIN ON THEIR ANTIMICROBIAL
ACTIVITY 1

3.1

Introduction

Antimicrobial

peptides

(AMPs)

kill

microbial

cells

through

insertion

and

damage/permeabilization of the cytoplasmic cell membranes and has applications in food safety
and antibiotic replacement [1-4]. Computer simulation is a useful tool to investigate the interaction
of peptides and lipid membrane [5-9]. Pore formation on cell membrane is an indication of
antimicrobial activity for AMPs, and the formation of pores is accompanied with water channel
formation and bending of lipid heads [1]. The types of AMPs that results in pore formation on cell
membrane can be varied based on their mechanisms of action, structure, mode of interaction with
membrane, etc. [10]. For examples, AMPs can be classified as linear cationic antimicrobial
peptides (LCAP), cationic peptides stabilizing structure by interchain covalent bond (CCP),
peptides rich in proline and arginine (PRP), etc. [11]. However, AMPs share some common
properties, for instances, they are short peptides (normally 10-50 residues) [12, 13], with high
hydrophobicity which is required for lipid binding [14]. The higher amount of net charges can
result in more interaction with anionic membrane [14]. Also it has been shown that many AMPs
adopt an α helical secondary conformation in the hydrophobic environment of lipid bilayer [15].
The prediction of antimicrobial activity of a peptide should consider a combination of
physicochemical properties such as size, charge, hydrophobicity, residue composition and

1

Chapter 3 has been published in Peptides with the title of “Effect of physicochemical properties

of peptides from soy protein on their antimicrobial activity” by Ning Xiang, Yuan Lyu, Xiao Zhu,
Arun K. Bhunia and Ganesan Narsimhan. DOI: 10.1016/j.peptides.2017.05.010
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conformational features such as secondary structure and amphiphilic character. The size, charge
and hydrophobicity of a peptide can be calculated and quantified; also the amphiphilic character
and secondary structure can be inferred from hydrophobic moment [16]. Positive net charge could
lead to a favorable peptide-membrane binding, since the cell membrane of bacteria are normally
negatively charged, there would be an electrostatic interaction [17]. High number of charges,
however, would also result in difficulty in penetration of peptides from membrane surface to
interior, because of favorable water-peptide interaction and phospholipid heads-peptide interaction
[18]. Moreover, the confinement of charges within the pore can facilitate a higher energy barrier
for pore formation [19-21]. As a result, the number of charges for a potential AMP is expected to
be within an acceptable range. Peptides with high hydrophobicity would encounter a smaller free
energy barrier when they penetrate the bilayer from aqueous to lipid environment [14]. However,
sufficiently large hydrophobicity can cause peptides to aggregate in the aqueous environment [16].
Therefore, naturally occurring AMPs are found to have hydrophobicity in a moderate range [22].
The distribution of hydrophobic and hydrophilic residues determines the amphipathicity of a
peptide [23]. Alternating sequence of hydrophobic and hydrophilic residues along the peptide
backbone will result in orientation of hydrophobic groups outwards into the lipid environment
and facilitate formation of water channel by its aggregate with the hydrophilic groups pointing
inwards [24]. The distribution of hydrophobic and hydrophilic residues can be deduced from the
hydrophobic moment.
AMPs can be effective against drug resistant bacteria and can therefore find application antibiotic
replacement in human health and animal feed. AMPs can also be immobilized on food packaging
films for food safety applications. Soy protein is an attractive, abundant natural source for
commercial production of AMPs. In our previous research, we have developed a methodology to
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predict antimicrobial activity of peptide segments from soy protein subunits β-conglycinin and
glycinin [25]. The prescreening of possible antimicrobial peptides from soy protein were based on
their physiochemical properties such as hydrophobicity, charges and hydrophobic moment.
Peptide segments that fulfilled the selection criteria based on these properties were further
investigated for their antimicrobial properties using molecular dynamics (MD) simulation. Surface
binding of peptide onto lipid bilayer and water channel formation by aggregate of transmembrane
peptides were considered to be two essential factors to predict antimicrobial activity in MD
simulation. However, there is a lack of information on the thresholds of hydrophobicity,
hydrophobic moment and charge for water channel formation and lipid head bending. Such an
information is essential for rational selection of AMP segments from a protein. This manuscript
investigates the effects of different parameters on antimicrobial activity and quantifies thresholds
on charge, hydrophobicity and hydrophobic moment for antimicrobial activity of these peptides
that are of 20 to 30 residues in length.

3.2
3.2.1

Materials and Methods
Materials.

Identified peptide segments were synthetized, purity > 95% (GenScript, USA). L. monocytogenes
F4244 and E. coli O157:H7 EDL933, Trifluoroacetic acid (TFA) and Dimethyl sulfoxide (DMSO)
were from Sigma-Aldrich.
3.2.2

Selection of peptide segments from soy protein subunits 11S and 7S.

Peptide segments were selected from five subunits from 11S: G1 (Uniprot: P04776), G2 (Uniprot:
P04405), G3 (Uniprot: P11828), G4 (Uniprot: P02858) and G5 (Uniprot: P04347) and three
subunits from 7S:α (Uniprot: P13916), α’ (PDB:1UIK) and β (PDB:1UIJ) with 20 to 30 amino
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acids in length. We investigated the effects of different number of net charge and total charge,
Eisenberg scale hydrophobicity [26] and hydrophobic moment [27] The physical properties of
these peptides that are investigated are given in Table 3-1.
Table 3-1. Physiochemical properties of selected peptide segments.
Net

Total

Charge

Charge

0.0971

4

4

-0.0236

0.0429

3

3

21

-0.031

0.0587

3

3

KAGRISTLNSLTLPALRQFGL

21

-0.0995

0.1009

3

3

G5466

VFKTHHNAVSSYIKDVFRVI

20

-0.0855

0.3646

2

4

7S α

7S1

SKKQIRELSKHAKSSSRKTISS

22

-0.4768

0.3021

6

8

7S β

7S2

SKEQIRQLSRRAKSSSRKTSS

21

-0.55

0.3115

6

8

7S α’

7a16

FQTLFKNQYGHVRVLQRFNK

20

-0.275

0.3257

4

4

7a187

SVIVEISKKQIRELSKHAKSS

21

-0.2733

0.311

3

7

Subunits

Code

Sequence

length

H†

µH†

11S G1

G162

FQCAGVALSRCTLNRNALRRP

21

-0.2757

11S G2

G2341

ALWLLKLSAQYGSLRKNAMFVP

22

11S G3

G3337

ALSWLKLSAQFGSLRKNAMFV

11S G5

G5371

11S G5

7S α’
†

3.2.3

H: hydrophobicity (kcal/mol), µH: hydrophobic moment (kcal/mol)

Molecular Dynamics (MD) simulation in lipid bilayer system

The MD simulation method is adapted from Xiang et al [25]. Briefly, the initial lipid bilayer
structure for the simulation was built using the CHARMM-GUI web tool [28]. The bilayer in the
simulation was represented by mixed 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC,
neutral)/2-oleoyl-1-pamlitoyl-sn-glyecro-3-glycerol (POPG, negatively charged) in a 3:1 ratio
bilayer. POPC/POPG mixed bilayers are negatively charged membrane, mimicking a bacterial
membrane. The peptide/lipid ratio was 4/128 with four transmembrane peptides inside the lipid
system. 0.150 M KCl was added to neutralize the system. All-atom MD simulation was employed
with Amber14 software package [29]. The snapshots were visualized using VMD [30] software.
The peptide initial structures were obtained from implicit MD simulation after 50 ns using
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AMBER14 software and AMBER ff99SBildn force field [31], with a dielectric constant of 20,
which mimics the lipid environment.
3.2.4

MD simulation using CHARMM36 force field

The simulation procedure is adapted from Xiang et al [25]. The system was slowly heated to 303°
K after minimization. The protein-membrane system was then relaxed prior to running production
MD to reach the target temperature (303K). Molecular dynamics simulation in the constant volume
(NVT) ensemble was carried out until the target temperature of 303° K was reached. Constant
pressure (NPT) ensemble was used in the system simulation. Subsequent simulation was carried
out at 303° K up to 200 ns with a time step of 2 fs. Langevin dynamics was employed with a
collision frequency γ = 1 ps−1. Pressure was maintained at 1 bar using semi-isotropic pressure with
the Berendsen barostat. Periodic boundary simulations based on the particle mesh Ewald (PME)
method was carried out using NPT method with a cutoff at 8 Å.
3.2.5

Umbrella sampling simulation

Umbrella sampling simulation was employed for calculating the transfer free energy of a peptide
from water to bilayer surface and from the surface to the interior of the bilayer. The reaction
coordinate is chosen to be the z coordinate of the distance between the center of mass of the whole
peptide being pulled, and the center of mass of the lipid bilayer. The sampling calculation regions
was from 34.6Å (peptide in water) to -15Å (peptide on the lower lipid leaflet) along the z
coordinate (perpendicular to the bilayer). To make sure the whole regions along the coordinate
would be sampled, the force constant for the umbrella potential was setup as 20 kcal/mol and the
window interval at 0.5Å. The initial structures for the umbrella sampling simulation was setup by
placing the crystal structure of the peptide with center of mass at the window position, and by
running minimization, equilibration and production of the system. During simulations, all the
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ensembles, cutoff, temperature and surface tension were maintained the same as described in MD
simulation using AMBER force field (Supporting Information).
3.2.6

Bioassay and viability studies

The potential candidates of peptide fragments from soy protein for antimicrobial activity that were
identified using MD simulation were commercially synthesized (GenScript, USA). The spot-onlawn method is adapted from Xiang, et al [25]. Antimicrobial activity of synthesized peptide (SP)
fragments was tested against L. monocytogenes F4244 (Gram positive) and E. coli O157:H7
EDL933 (Gram negative) bacteria by using spot-on-lawn test. The bacteria were stored as 10%
frozen glycerol stocks in deep-freezer at -80°C. Prior to experiments, frozen stocks of bacteria
strains were added into a tube that contained 3.7 % (w/v) brain heart infusion (BHI) and incubated
at 37°C for 24 h. Then 50 µL cultured bacteria were transferred to 3 mL buffer that contain 3.7%
(w/v) BHI and 0.8 % (w/v) agar. Next, the above solution was poured to a petri plate followed by
exposure to selected SP of different concentrations (10 µL each spots). The petri plates were
incubated in 37℃ incubator overnight to observe the formation of inhibition ring. The spot-onlawn experiments are performed in triplicate.

3.3

Results

Four peptide segments were selected from soy β-conglycinin (7S) and five were chosen from
glycinin (11S) with different number of charges, hydrophobicity and hydrophobic moments. Their
sequences and other properties are given in Table 3-1.
3.3.1

Water, lipid head and peptide change after 200 ns MD simulation

The initial structure and position of peptides are given in Figure S3.1. The snapshots at 200 ns are
given in Figure 3-1 (a), and the evolution of distance between the center of mass of each of four
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peptides and lipid membrane are given in Figure 3-1 (b). After 200 ns simulation, of these nine
peptides, G2341, G3337, G5371, G5466, 7S2 and 7a16 remained in the center of the membrane.
For G162, one of the four peptides remained in the center of lipid bilayer, and the other three
moved to the upper leaflet. All peptides of 7a187 moved to the lower leaflet. For 7S1, one peptides
moved to the upper leaflet, three peptides moved to the lower leaflet, one peptide even moved
outside the lipid bilayer to the water environment, which may indicate that it has a preference for
water environment. Five peptides, which are G5466, 7S1, 7S2, 7a16 and 7a187, formed water
channels as shown in Figure 3-1 (a). Among these peptides, phospholipid heads protruded into
peptides only for G5466, 7S2 and 7a16, which are consistent with a toroidal pore structure [1].
Although lipid head bending was observed for the other four peptides (G162, G2341, G3337 and
G5371) as a result of attraction, there is no water channel formation since the bent lipid heads were
not in the center of the lipid membrane. We placed four peptides inside lipid bilayer (128 lipid
molecules) since four peptides was shown to be the minimum for pore formation for many natural
AMPs [19, 32-34]. This was also confirmed by our earlier investigation in which we obtained
consistent results of pore formation for four and six transmembrane peptides placed inside the lipid
bilayer [25]. 200 ns of simulation was found to be sufficient to observe pore formation. Similar
MD simulation of transmembrane aggregates consisting of four peptides have been carried out for
AMBER force field. The comparison of snapshots as well as water and lipid density profiles for
the two force fields are given in Figures S3.2 –S3.6. These results are found to be consistent for
both force fields.
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Figure 3-1. (a) Snapshots of transmembrane MD simulation at 500 ns for four peptides placed
across 3:1 POPC/POPG mixed lipid bilayer. Color code: blue, water; yellow, POPC lipid heads;
pink, POPG lipid heads; deep blue, charged residues; green, polar residues; white, nonpolar
residues. Lipid tails are not shown for clarity. (b) The evolution of distance between the center of
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mass of each of four peptides and lipid membrane as obtained by MD simulation. The four peptides
are denoted by different colors, the dashed line indicates center of lipid bilayer, the dotted line
indicates lipid-water interface.

3.3.2

Size, shape and morphology of pores

Two dimensional (2D) density plots, as shown in Figure 3-2, give the water molecules, peptides
and phospholipid heads density averaged over the last 100 ns of MD simulation. There is no water
channel formation with G162, G2341, G3337 and G5371 (shown by the first panel of Figure 3-2).
In these cases, the phospholipid heads density profile across the lipid membrane exhibited a
discontinuity, and therefore, did not form pores. On the other hand, the side view of water
molecules of other five peptides showed clear formation of water channel and significant
phospholipid head bending with continuous density across the membrane. The second and third
panel of Figure 3-2 show the density of water and peptides molecules from top view and give an
indication of pore size and how the peptides surround the water channel. The largest dimension
(along x and y coordinates), is summarized in Table 3-2. Figure 3-2 and Table 3-2 indicate that for
G5466 and 7a16, the water channels are enclosed by the peptides, since the peptide ring has a
larger diameter than the water channel. For 7S1, since one peptide has moved out to the water
environment (shown in Figure 3-1), the water channel was not enclosed by the peptides. For 7S2
and 7a187, the water channels have larger diameters than the peptide circle. Therefore, for 7S1,
7S2 and 7a187, the water molecules not only penetrate through the center of peptide circle, but
also from the outside of the peptide circle. 7S1 and 7S2 have significantly larger pores than G5466,
due to the abundance of hydrophilic residues: 18 hydrophilic residues for 7S1 and 7S2, whereas
for G5466, the number is 10. High number of polar residues facilitates favorable water-peptides
interaction, therefore, the pores for 7S1 and 7S2 are larger than G5466.
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Figure 3-2. 2D density plot of four transmembrane peptides placed across 3:1 POPC/POPG
membrane. Density was averaged from 100 ns to 200 ns, showing water density (from top), peptide
density (from top) water density (from side) and phospholipid head density (from side),
respectively. The unit for coordinate is Å. The x and y coordinate for the plots are from -35 Å to
35 Å. Color bar represents the number of atoms.

Table 3-2. The dimensions of the five formed pores
Pore size along x direction (Å)

Pore size along y direction (Å)

water

peptide

water

peptide

G5466

38 ± 0.5

45 ± 0.5

32 ± 0.5

34 ± 0.5

7S1

28 ± 0.5

49 ± 1.0

33 ± 1.0

52 ± 1.0

7S2

41 ± 1.0

31 ± 0.5

40 ± 0.5

32 ± 0.5

7a16

32 ± 0.5

39 ± 0.5

22 ± 1.0

33 ± 0.5

7a187

31 ± 0.5

38 ± 0.5

40 ± 0.5

39 ± 1.0
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3.3.3

Comparison of water molecules and phospholipid heads inside lipid membrane

As expected, water density was zero for membrane in the absence of peptides. From normalized
water density plot in Figure 3-3a, one can observe that 7S2 has the highest water density in the
membrane center, followed by 7a187, 7S1 and G5466. From normalized phospholipid head
density plot in Figure 3-3b, 7S1 has the highest lipid head density in the membrane center, followed
by 7a187, 7a16, 7S2 and G5466. The results show that low charged peptides or peptides with lower
hydrophobicity and hydrophobic moment result in less bending of phospholipid heads and
inclusion of less number of water molecules inside the bilayer. Consequently, peptides with either
high charge, high hydrophobicity or high hydrophobic moment would attract more phospholipid
head groups and water molecules into the bilayer.

Figure 3-3. Normalized density profiles of four transmembrane peptides in 3:1 POPC/POPG mixed
membrane averaged from 100 ns to 200 ns: (a) normalized water density; (b) normalized
phospholipid head density.
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3.3.4

Helicity

Figure S3.7 shows the evolution of helicity during the simulation. The initial helicity is different
for all the peptides, and it reached a constant value after about 50 ns. The average helicity values
of all the peptides after 200 ns of simulation are shown in Table 3-3. The order of initial helicity
is 7a16 > 7a187 > G3337 > 7S1 > 7S2 > G2341 > G162 > G5371 > G5466, and the order of
helicity at 200 ns is 7a16 > 7S1 > 7a187 > G2341 > G162 > G3337 > G5371 > G5466 >7S2. The
result indicate the conformation of peptides changed slightly inside the lipid membrane during the
simulation. However, for the five peptides (G5466, 7S1, 7S2, 7a16 and 7a187) that showed water
channel formation (Figure 3-1 and 3-2), there is no significant difference on their initial/final
helicity compare with the other peptides. Thereby indicates no correlation between pore formation
and helicity.
Table 3-3. Average initial helicity and final helicity (at 200 ns) of peptides.
Peptides

G162

G2341

G3337

G5371

G5466

7S1

7S2

7a16

7a187

Initial
helicity

28.6%

31.8%

42.9%

14.3%

0.0%

40.9%

33.3%

60.0%

52.3%

Final
helicity

32.1%

34.1%

20.2%

16.6%

10.0%

37.5%

6.0%

45.0%

34.5%

3.3.5

Bioassay and viability studies.

The antimicrobial activity of all peptide segments against Gram positive L. monocytogenes F4244
and against Gram negative E. coli O157:H7 EDL933 were tested by spot-on-lawn assay, their
susceptible MIC and inhibitory zone diameter are given in Table 3-4. Only G5466 and 7a16 are
able to show antimicrobial activity. Experiments could not be performed at higher peptide
concentration because of limited solubility.
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Table 3-4. Susceptible MIC of peptides against L. monocytogenes F4244 and E. coli O157:H7 EDL933
obtained by spot-on-lawn assay.
L. monocytogenes

E. coli

Susceptible

Susceptible

Zone

Susceptible

Zone

MIC

MIC

Diameter

MIC

Diameter

(µM/mL)

(µg/µL)

(mm)

(µg/µL)

(mm)

G162

>42.6

> 100

Not observed

>42.6

> 100

Not observed

G2341

>39.9

> 100

Not observed

>39.9

> 100

Not observed

G3337

>42.2

> 100

Not observed

>42.2

> 100

Not observed

G5371

>44.3

> 100

Not observed

>44.3

> 100

Not observed

G5466

5.3

12.5

3.7

10.1

25.0

6.3

7S1

> 40.2

> 100

Not observed

> 40.2

> 100

Not observed

7S2

> 39.5

> 100

Not observed

> 39.5

> 100

Not observed

7a16

5.0

12.5

7.5

19.8

50.0

10.8

7a187

> 42.2

> 100

Not observed

> 42.2

> 100

Not observed

3.4
3.4.1

Susceptible
MIC (µM/mL)

Discussion
Charges and hydrophobicity

Higher net charge could result in more attraction of negatively charged phospholipid head. 7S1
and 7S2 are the two peptides that have the highest net number of charges among the 9 peptides.
These two peptides generate the most significant pore, which is identified by the number of water
molecules inside the membrane and number of bent phospholipid heads (shown in Figure 3-1 and
Figure 3-3). This indicates that electrostatic interaction plays an important role in pore formation.
However, peptides with higher charges will have favorable interactions with aqueous environment
and therefore will exhibit lower affinity to lipid environment. Figure 3-4 shows the MD simulation
of placing 7S1 and 7S2 at the upper leaflet of lipid bilayer, and the result shows that with the
evolution of simulation time, most of residues of 7S1 and 7S2 moved to aqueous environment,
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which indicates that these two peptide segments prefer more aqueous environment instead of lipid
environment. As a result, they would need to overcome a higher free energy barrier to move from
an aqueous to lipid environment. An umbrella sampling simulation gives the free energy of 7S1
as a function of location outside as well as inside the lipid membrane. The snapshots at initial (34.6
Å from the center of mass of lipid in aqueous medium) and final (-15 Å from the center of mass
of lipid inside the bilayer) positions and the free energy change as a function of position are given
in Figure 3-5. The result shows that 7S1 exhibits a large positive free energy change (70 kcal/mol)
to move from aqueous environment to the bottom leaflet of membrane. It is also interesting to note
that once 7S1 adopts transmembrane position by overcoming the energy barrier, its high
hydrophilicity as a result of a large positive charge enables bending of phospholipid heads and
therefore in the formation of water channel. According to Xiang, et al [25], peptides that prefer
more aqueous environment would have low possibility to exhibit antimicrobial activity. This is
confirmed by experimental spot-on-lawn test that show that 7S1 and 7S2 do not exhibit any
antimicrobial activity.

Figure 3-4. Left and middle panel: MD simulation snapshots of four peptides placed on the top
leaflet of 3:1 POPC/POPG bilayer for initial and 200 ns. Color code: yellow, POPC lipid heads;
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pink, POPG lipid heads; deep blue, charged residues; green, polar residues; white, nonpolar
residues. Lipid tails and water molecules are not shown for clarity. Right panel: the evolution of
distance between the center of mass of four peptides and lipid membrane as obtained by surfacemembrane MD simulation for 3:1 POPC/POPG mixed lipid bilayer. The four peptides are denoted
by different colors.

Figure 3-5. Umbralle sampling simulation. Snapshots of 7S1 at (a) 34.6 Å of Z direction, (b) 15.0 Å of Z direction, (c) energy change with reaction coordinate.

Although there are water channel formation for five peptides, namely G5466, 7S1, 7S2, 7a16 and
7a187, only G5466 and 7a16 exhibited antimicrobial activity against L. monocytogenes and E.coli.
This discrepancy can be explained by the fact that only G5466 and 7a16 are able to satisfy the two
necessary conditions, namely (i) able to bind to the top leaflet of lipid bilayer and (ii) its
transmembrane aggregate is able to form water channel. Even though the peptides 7S1, 7S2 and
7a187 satisfy the second criterion, they do not bind to the bilayer. This explains their lack of
antimicrobial activity. Comparison between 7a16 and 7a187 indicates that although these two
peptides have similar hydrophobicity, hydrophobic moment and net charges, 7a187 has a more
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significant formation of water channel and bending of lipid heads. This behavior can be attributed
to the fact that 7a187 has more charged residues that could lead to a more favorable water-peptide
interaction.
In conclusion, , although peptides with low hydrophobicity and high amount of charged residues
such as 7S1, 7S2 and 7a187are able to form water channel inside lipid membrane due to
electrostatic interaction, their possibility to have antimicrobial activity is low since they are too
hydrophilic and have unfavorable interactions with lipid tails, they would prefer to stay in the
aqueous environment .
3.4.2

Hydrophobic moment

G162, G2341, G3337 and G5371 have relatively low hydrophobic moment among the nine
peptides. As shown in the snapshots of transmembrane MD simulation for the peptides at 200 ns
(Figure 3-1), no water channel was observed for these peptides. For these four peptides, the water
molecules come into the lipid membrane but not through the center of the peptides, and the lipid
heads did not protrude into peptide center (Figures 3-1 and 3-3), which indicated no toroidal pore
formation.
Among the nine peptides, G162 has relatively low hydrophobicity (-0.2757 kcal/mol) and low
hydrophobic moment (0.0971 kcal/mol). However, this peptide does not show a formation of water
channel or a significant phospholipid heads bending. The reason could be that the charged residues
of this peptide are concentrated in the vicinity of its C-terminal side, so that G162 tends to move
to one leaflet but not stay inside the center of lipid membrane, as shown in Figure 3-1. Therefore,
the distribution of charged and hydrophilic residues can also affect pore formation inside lipid
bilayer, and this property can be indirectly quantified by its hydrophobic moment. Since
hydrophobic moment calculates the distribution of hydrophobic and hydrophilic residue over an
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α-helical structure, peptides with higher hydrophobic moment always imply a more even
hydrophobic/ hydrophilic distribution.
As a result, although the hydrophobicity of G5466 is high, its high hydrophobic moment results in
a separation of hydrophobic and hydrophilic residue faces at the water/lipid interface. Therefore,
the peptides with hydrophilic residues facing toward the center of peptide aggregates would further
attract more lipid heads and water molecules into the pore by electrostatic interaction. For peptides
with lower hydrophobic moment, the separation of hydrophilic and hydrophobic residues will not
be very pronounced thereby resulting in random bending of lipid heads due to electrostatic
attraction. This will not lead to formation of a real pore. Normalized water and lipid heads density
plots in Figure 3-3a and 3-3b, indicate that the peptides that have the higher hydrophobic moment
have the higher water density and lipid head density in the membrane center.
Comparison of hydrophobic and hydrophilic residue distribution between G5466 (hydrophobic
moment 0.3646 kcal/mol) and G2341 (hydrophobic moment 0.0429 kcal/mol) is shown in Figure
3-7. For G5466, with higher hydrophobic moment, the hydrophilic and hydrophobic residues are
located in distinct regions with the former region being inside the latter thus facilitating the
formation of a water channel (Figure 3-6a and 3-6b). On the other hand, in case of G2341 with
lower hydrophobic moment, there are no distinct hydrophobic and hydrophilic regions (Figure 36c and 3-6d), which explains the lack of water channel formation and no antimicrobial activity.
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Figure 3-6. 2D density plot of distribution of hydrophilic and hydrophobic residues inside 3:1
POPC/POPG membrane. Density was averaged from 100 ns to 200 ns, showing residue density
from top. (a) hydrophilic residue density of G5466; (b) hydrophobic residue density of G5466; (c)
hydrophilic residue density of G2341; (d) hydrophobic residue density of G2341. The unit for
coordinate is Å. Color bar represents the number of atoms.

3.4.3

Helicity

There is no correlation between long time helicity values and pore formation thereby indicating
that the formation of water channel is insensitive to helicity. Irudayam and Berkowitz also reported
helical structure is not a prerequisite for pore formation [35]. These results indicate that water
channel formation occurs for peptides with sufficiently high total charge and hydrophobic moment
independent of its helicity. This is consistent with experimental results of antimicrobial activity.
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3.5

Conclusion

Antimicrobial activity of a peptide is governed by two factors, namely, (i) energy barrier for
insertion into lipid membrane and (ii) water channel formation of transmembrane peptides in the
bilayer. Low hydrophobicity and high number of charges help in the formation of water channel
when peptides were placed transmembrane. However, peptide with low hydrophobicity and high
charge needs to overcome a higher free energy barrier to move from aqueous environment to lipid
bilayer. In fact, when hydrophobicity is too low, the peptide will not insert into the bilayer since
it would prefer the aqueous environment. The threshold of hydrophobicity for peptide insertion is
in the range of -0.3 to 0 kcal/mol. When the hydrophobic moment is greater than 0.3 kcal/mol, the
hydrophobic and hydrophilic residues of the peptide occupy distinct regions thus enabling the
formation of a toroidal pore with bent lipid heads and water channel. Experimental observation of
zone of inhibition for L. monocytogenes and E. coli when exposed to different concentrations of
these peptides are consistent with the above results. .
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METHODOLOGY FOR IDENTIFICATION OF PORE
FORMING ANTIMICROBIAL PEPTIDES FROM SOY PROTEIN 2

4.1

Introduction

The application of conventional antibiotics against pathogenic bacteria has decreased in recent
decades, because of the rising concern of generation of multi-resistant bacteria. As compared to
the traditional antibiotics, antimicrobial peptides (AMPs) kill bacteria rapidly and can target
multiple pathogens. Antimicrobial peptides belong to a large and varied class of relatively short
peptides family, typically containing 10-50 residues [1, 2]. They are part of the host-defense
system in many living organisms, capable of killing inter alia, Gram negative and Gram positive
bacteria. This renders them of great interest as potential alternatives to small-molecule antibiotics
and highly relevant from a pharmaceutical perspective [3]. Many of them adopt an α helical
secondary conformation in the hydrophobic environment of lipid bilayer [4] and are cationic. They
disrupt or permeabilize the cell membrane by pore formation, leading to cell lysis and death [5, 6].
Current research of AMPs is mainly focused on naturally occurring peptides, such as melittin from
bee venom [7], cecropin from insects or pig intestine [8, 9], maculatin from skin of Australian tree
frogs [10], and several AMPs from plants [11, 12]. There have also been attempts to design
synthetic peptides that exhibit antimicrobial activity [13, 14]. However, these AMP resources are
expensive, infrequent and are not easy to produce in large scale. Therefore, commercial-scale
production platforms to produce AMPs are urgently needed. In this context, production of AMPs

2

Chapter 4 is adapted and modified from the manuscript “Methodology for identification of pore

forming antimicrobial peptides from soy protein subunits β-conglycinin and glycinin”, published
in Peptides by Ning Xiang, Yuan Lyu, Xiao Zhu, Arun K. Bhunia and Ganesan Narsimhan. DOI:
10.1016/j.peptides.2016.09.004
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from soy protein may be an attractive, cost-saving alternative for commercial consideration,
because soy protein is an abundant and common protein resource. In addition, AMPs from soy
protein are considered to be “natural”; these AMP segments show promise in replacement of
antibiotics in human health and animal feed. They can also find use in food safety as (i)
antimicrobial coating in packaging film and (ii) natural food additives. In this research, a method
for identification of peptide segments with antimicrobial activity from soy protein subunits is
proposed. The applicability of this method is demonstrated for the case of two main globulins from
soy protein: β-conglycinin (7S) and glycinin (11S). To the best of our knowledge, this is the first
study that developed a methodology to identify peptide segments with antimicrobial activity from
a large protein molecule. The proposed method avoids expensive experimental trials and would
therefore decrease the cost of producing AMPs from any natural protein.
7S is one of the most abundant storage proteins in soy, which constitute 30-46% of the total waterextractable proteins in soy [15]. 7S has a large molecular mass of 180-210 kDa [16] and a compact
globular structure at physiological pH [17]. It consists of three major subunits: α, α’ and β [18].
11S is also the major storage protein of soybean. 11S has a molecular weight of 320 kDa [19]. The
quaternary structure of this protein consists of five subunits, namely G1, G2, G3, G4 and G5 [20].
11S derived-peptides are generally more hydrophobic and prone to random aggregation [21].
Most of the known natural AMPs deactivate microorganisms by pore formation. Pore formation
by AMP in phospholipid bilayers begins by electrostatic attraction followed by attachment and
penetration of the cell membrane and has been subject of several investigations [22-26].
Experimental techniques such as fluorescent [27], oriented circular dichroism [24] and NMR [28]
spectroscopy, x-ray crystallography [24] have been employed to monitor pore formation,
secondary conformation of AMP, orientation of AMP and lipid as well as thinning of the
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membrane. Studies using model membranes have elucidated different mechanisms of pore
formation by AMPs such as hydrophobic (Barrel-Stave) pore, hydrophilic (toroidal) pore or
micelle formation (carpet mechanism) and have helped identify key factors that control pore
formation [23]. Molecular dynamics (MD) simulation, a technique in which the evolution of
positions of all atoms belonging to AMP when interacting with phospholipid bilayer accounting
for interatomic interactions such as van der Waals, electrostatic etc. has been employed to evaluate
the potential energy of interaction [29], peptide conformation [30], peptide orientation [31] and
deformation of lipids [32].
In order to predict antimicrobial activity of a peptide, a combination of physicochemical properties
and conformational features such as size, charge, hydrophobicity, amino acid sequence, and
secondary structure should be taken into account. Physicochemical properties of some naturally
occurring AMPs can be found in literature [33-36]. Higher hydrophobicity would result in lower
free energy of penetration of the peptide into the lipid environment. On the other hand,
hydrophobicity should not be so high as to make the peptide insoluble leading to its aggregation
in aqueous environment. Therefore, the hydrophobicity of the AMPs should be within a desirable
range as can be seen from the values for different naturally occurring AMPs [33-36]. Most AMPs
are positively charged which facilities their attachment to the anionic bacterial cell membrane.
However, sufficiently high positive charge would result in higher hydrophilicity thereby making
it difficult for the peptide to penetrate into the lipid layer. In addition, high charge will also result
in high energy barrier for pore formation because of electrostatic repulsion within the pore due to
confinement of charge [37, 38].
Several AMP prediction tools have been developed [39-45]. Current physicochemical prediction
methods indicate that higher AMP hydrophobicity increases its affinity to lipids [46] and higher
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positive net charge of AMP can result in increased interaction with anionic membrane component
[46]. Most physiochemical methods use the α-helical peptide as the basis for their study.
Consequently, another important parameter is hydrophobic moment which is an index of α-helix
formation: peptides with higher hydrophobic moment may have a favorable α-helical structure
[46]. Many of the current methods [39, 42-45, 47] for prediction of antimicrobial activity are not
mechanistic since they are based on comparison of amino acid composition, charge, helicity and
hydrophobicity with corresponding properties of AMPs in the database. Consequently, these
methods cannot identify antimicrobial peptides with complex structure [48, 49].
Naturally occurring AMPs are of limited availability. Designing optimally active synthetic
antimicrobial peptides (SP) by empirical screening of large numbers of potential candidates is cost
prohibitive. SP also suffers from the drawback of toxicity which can be overcome by economical
production of AMP from abundant common sources of protein. To address this, we developed a
methodology for identification of AMP segments from protein based on (i) their physicochemical
properties and (ii) their interaction with cell membrane mimic. The effect of different
physicochemical properties on the interaction of these peptides with cell membrane mimic is
ascertained using MD simulation. Since the proposed methodology is mechanistic, it is capable of
accounting for interaction of AMP with the cell membrane of a specific microorganism.
Consequently, the proposed methodology can be employed to identify an AMP targeted for
different microorganisms. We identified two AMP segments each from the 7S and 11S subunits
of soy protein and experimentally verified their antimicrobial activity against Listeria
monocytogenes (L. monocytogenes) F4244 and Escherichia coli (E. coli) O157:H7 EDL933. The
method described in this research can also be applied to identify AMP segments from other
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inexpensive proteins to produce value-added products from these proteins and eventually, help
broaden the application of AMPs.

4.2
4.2.1

Materials and Methods
Materials.

Identified peptide segments were synthetized, purity > 95% (GenScript, USA). L. monocytogenes
F4244 and E. coli O157:H7 EDL933, trifluoroacetic acid (TFA) was from Sigma-Aldrich.
4.2.2

Selection of possible AMPs from soy protein subunits 11S.

Possible AMPs segments were selected from five subunits from 11S: G1 (Uniprot: P04776), G2
(Uniprot: P04405), G3 (Uniprot: P11828), G4 (Uniprot: P02858) and G5 (Uniprot: P04347), based
on the criteria of (i) the number of amino acids (20 – 30), (ii) net charge (> +2), (iii) Eisenberg
scale hydrophobicity [50] (> -0.30 kcal/mol) and (iv) hydrophobic moment [51] (> 0.20 kcal/mol).
4.2.3

Molecular Dynamics (MD) simulation in lipid bilayer system

The initial lipid bilayer structure for the simulation was built using the CHARMM-GUI web tool
[52]. The bilayer in the simulation was represented by mixed 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (POPC, neutral)/2-oleoyl-1-pamlitoyl-sn-glyecro-3-glycerol (POPG, negatively
charged) in a 3:1 ratio bilayer. POPC/POPG mixed bilayers are negatively charged membrane,
mimicking bacterial membrane. The peptide/lipid ratio was 4/128 with four peptides inside the
lipid system. Chosen peptides were placed (i) inside the membrane in order to observe deformation
of lipid membrane and formation of water channel, (ii) on the surface of lipid membrane to observe
the interaction of peptide and lipid membrane. 0.150 M KCl was added to neutralize the system.
All-atom MD simulation was employed with Amber14 software package [53]. The snapshots were
visualized using VMD [54] software. Chosen peptides were placed (i) on the surface of lipid
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membrane to observe the interaction of peptide and lipid membrane, (ii) inside the membrane in
order to observe deformation of lipid membrane and formation of water channel. Simulations were
also performed for peptide/lipid ratio of 6/128 with six peptides in either transmembrane or surface
states. These simulations were performed for 3:1 mixed DOPC/DOPG lipid bilayer.
4.2.4

Different initial structures

Surface and transmembrane MD simulation were performed for different initial structures for all
peptides that are investigated (G5466 and G2250). Initial structures from four different resources
were involved in the MD simulation. The first and second initial structures were obtained from
online peptide structure constructor PEP-FOLD [55]. The two structures were chosen as those with
the largest structural difference (as quantified by RMSD), and were coded as Model1 and Model2.
The third structure was constructed based on an ideal helical structure and coded as Helix, and the
fourth initial structures, coded as Implicit, was obtained from implicit MD simulation after 50 ns
using AMBER14 software and AMBER ff99SBildn force field, as dielectric constant set up to 20,
which mimic the lipid environment. Table 4-1 lists the initial structures in MD simulations that
were performed for all the peptides investigated.
Table 4-1. Number of initial structures performed in MD simulation
Surface-membrane MD simulation

Trans-membrane MD simulation

Four peptides

Six peptides

Four peptides

Six peptides

G5466

Model1, Helix,
Implicit

Model1,
Implicit

Model1, Model2,
Implicit

Model1,
Implicit

G2250

Model1, Helix,
Implicit

Model1,
Implicit

Model1, Model2,
Implicit

Model1,
Implicit
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4.2.5

MD simulation using CHARMM36 force field

Minimization of the structure to remove bad contacts and steric hindrances is necessary before
starting molecular dynamics calculations. Careful minimization before slowly heating the system
to 303 K was performed: first, the configurational energy of the system was minimized by
performing 100 steps of a steepest descent algorithm with maximum 5000 minimization cycles.
The protein-membrane system, then, was relaxed prior to running production MD to reach the
target temperature (303 K). Molecular dynamics simulation in the constant volume (NVT)
ensemble was carried out until the target temperature of 303 K was reached where the pressure is
allowed to change so as to keep the volume of the box fixed. Constant pressure (NPT) ensemble
was used in the system simulation. Subsequent simulation ran at 303 K up to 500 ns with a time
step of 2 fs. Langevin dynamics was employed with a collision frequency γ = 1 ps−1. Pressure was
maintained at 1 bar using semi-isotropic pressure with the Berendsen barostat. Periodic boundary
simulations based on the particle mesh Ewald (PME) method was carried out using NPT method,
in which the temperature and pressure were kept constant and the volume is allowed to change,
with a cutoff at 8 Å.
4.2.6

MD simulation used Amber force field

AMBER ff99SBildn [2] force field (employed for the peptides) and Lipid11 force field [3]
(employed for lipid force field) were used and the combination of these two force fields would be
referred to hereafter as Amber force field. Careful minimization to remove bad contacts and steric
hindrances was performed before slowly heating the system to 303 K: first, the configurational
energy of the system was minimized by performing 2000 steps of a steepest descent algorithm
followed by 3000 steps of a conjugate gradient algorithm [4]. The protein-membrane system, then,
was relaxed prior to running heating MD using constant pressure (NPT) to reach the target
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temperature (303 K). During the heating, the position of lipid atoms was kept fixed with harmonic
constraints. A 5 ns MD simulation at 303 K with a NPT ensemble was performed to equilibrate
the system followed by 50/100 ns production runs of constant surface tension “γ” (NPγT)
simulation. Langevin dynamics was employed with a collision frequency γ = 1 ps−1. Semiisotropic
pressure scaling was used to maintain the pressure at 1 atm with a constant surface tension value
set to 15 dyne/cm. Nonbonded interactions were calculated with a cutoff at 10 Å; full electrostatics
was employed using the particle-mesh Ewald method. Covalent bonds involving hydrogen atoms
were held rigid with the SHAKE algorithm, allowing a 2 fs time step.
4.2.7

Bioassay and viability studies.

The potential candidates of peptide fragments from soy protein for antimicrobial activity that were
identified using MD simulation were commercially synthesized (GenScript, USA). G2250 and
G5466 were dissolved in DI water with 0.1% TFA. Antimicrobial activity of synthesized peptide
(SP) fragments was tested against L. monocytogenes F4244 (Gram positive) and E. coli O157:H7
EDL933 (Gram negative) bacteria by using spot-on-lawn test. The bacteria were stored as 10%
frozen glycerol stocks in deep-freezer at -80°C. Prior to experiments, frozen stocks of bacteria
strains were added into a tube that contain 3.7 % (w/v) brain heart infusion (BHI) and incubated
at 37°C for 24 h. Then 50 µL cultured bacteria were transferred to 3 mL buffer that contain 3.7%
(w/v) BHI and 0.8 % (w/v) agar. Next, the above solution was poured to a petri plate followed by
exposing to selected SP of different concentrations (10 µL each spots). The petri plates were
incubated in 37℃ incubator overnight to observe the formation of inhibition ring.

Viability assay for the antimicrobial activity of G5466 was performed in 96 well micro-titer plate
over a period of 7 h by measuring absorbance (A595) every 30 min using a microplate reader
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(Benchmark, BIO-RAD). 200 µl reaction volume was setup in duplicate with sterile BHI broth
inoculated with 5 x 107 cells of L. monocytogenes and E. coli. For E. coli, G5466 were added into
the reaction volume at the concentration of 5, 2.5, 1.25, 0.63, 0.32 and 0.16 mg/mL. For L.
monocytogenes, G5466 was added into the reaction volume at the concentration of 2.4, 1.2, 0.6,
0.3, 0.15 and 0.08 mg/mL.

4.3
4.3.1

Results
Identification of AMPs from soy protein

Initial screening of peptide segments belonging to soy protein subunits was undertaken based on
physicochemical properties such as total number of amino acids, hydrophobicity, hydrophobic
moment and charge. The criteria for screening was derived from the physicochemical properties
of many naturally occurring AMPs. Proposed mechanism of pore formation by AMP in a cell
membrane (lipid bilayer) [23] suggest that they should first bind to the cell membrane and
subsequently aggregate within the bilayer to form a transmembrane pore. In order to exhibit
antimicrobial activity, therefore, a peptide fragment should satisfy both criteria, namely, (i) bind
to membrane surface and (ii) its aggregate should form a pore. Therefore, a surface MD simulation
of peptide fragment was first performed. In this simulation, peptide fragments were placed on the
surface and the evolution of their center of mass was tracked to ascertain their ability to bind to
the lipid bilayer. Those peptide fragments were then subjected to transmembrane MD simulation
in which four molecules of the peptide were placed across the lipid bilayer with their hydrophilic
side chains facing inwards. These simulation results indicated the ability of peptides to form a
water channel across the membrane and hence a pore. The peptides that satisfy both criteria are
likely to exhibit antimicrobial activity.
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4.3.2

Selection of possible AMP segments from soy protein.

Figure 4-1 shows an example of selecting possible AMP regions based on physicochemical
properties from soy glycinin G2 subunit. G2 subunit contains 485 amino acids; therefore, it would
have 467 peptide segments with 20 amino acids per peptide. Hydrophobicity, hydrophobic
moment and net charge were calculated for each peptide, and the results are shown in Figure 1.
Peptide segments in the red rectangular regions have hydrophobicity > -0.30 kcal/mol,
hydrophobic moment > 0.20 kcal/mol and positive net charge ≥ 2, criteria for selection of AMP
that is based on properties of most naturally occurring AMPs, and therefore, are possible AMP
candidates. One peptide from five in the rectangular regions was chosen for further investigation
since their sequences are similar. Possible AMP candidates from other soy subunits with different
peptide lengths (20 to 30 amino acids) were calculated with the same selection criteria and the
results are not shown. Two possible AMP candidates (coded as G2250 and G5466,) were selected
from 11S for further investigation, based on their physiochemical properties, namely, their
sequence, hydrophobicity, hydrophobic moment and net charge (Table 4-2).

Figure 4-1. Net charge, hydrophobicity, and hydrophobic moment of 20 mer amino acids at
different starting locations of 11S G2 subunit.
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Table 4-2. Possible AMP candidates from 11S.
subunits

code

residues

Sequence

H†

µH†

Net Charge

11S G2

G2250

20

GAIVTVKGGLRVTAPAMRKP

-0.0925

0.2341

4

11S G5

G5466

20

VFKTHHNAVSSYIKDVFRVI

-0.0855

0.3646

2

†

H: hydrophobicity (kcal/mol), µH: hydrophobic moment (kcal/mol)

4.3.3

Surface-membrane MD simulation.

Surface-membrane MD simulation was performed to evaluate the potential antimicrobial activity
of peptides G2250 and G5466 by investigation of their interaction with lipid bilayer. These
simulations were performed for multiple initial conformations. Four molecules of a peptide were
placed on the top leaflet of a 3:1 POPC/ POPG mixed lipid membrane (a mimic of bacterial cell
membrane). The top view of their initial orientation and position are shown in Figure S4.1. Here
we present the results for one initial conformation for illustrative purposes. The effect of different
initial conformations on surface binding is discussed in section 3.5.1. Snapshots for G2250 and
G5466 placed on the surface of mixed lipid membrane are shown in Figure 4-2 and the distance
between center of mass of peptide and lipid membrane over time is given in Figure 4-3. After
500ns MD simulation time, G5466 did not leave the lipid membrane and their center of mass
remained inside the bilayer indicating thereby that these peptides penetrate the membrane. 500ns
MD simulation of G2250 revealed that some residues moved to the aqueous environment outside
the lipid membrane. Since more than half of G2250 residues remained in the lipid bilayer, it is not
clear whether it prefers an aqueous or lipid environment. Therefore, trans-membrane MD
simulation was performed to further investigate peptide-lipid interaction.
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Figure 4-2. MD simulation snapshots of four peptides placed on the top leaflet of 3:1 POPC/POPG
bilayer for initial and 500 ns. Color code: yellow, POPC lipid heads; pink, POPG lipid heads;
deep blue, charged residues; green, polar residues; white, nonpolar residues. Lipid tails and water
molecules are not shown for clarity.

Figure 4-3. The evolution of distance between the center of mass of four peptides and lipid
membrane as obtained by surface-membrane MD simulation for 3:1 POPC/POPG mixed lipid
bilayer. The four peptides are denoted by different colors. (a) G2250; (b) G5466.
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4.3.4

Trans-membrane MD simulation.

Transmembrane MD simulation was performed to investigate the formation of a water channel
(channel of water molecules across the bilayer as indicated by non-zero water density) and bending
of lipid heads. The purpose behind transmembrane simulation is to ascertain the ability of
transmembrane aggregates under ideal conditions to form water channel. On the other hand, those
peptides that do form water channel will have high probability of antimicrobial action. Therefore,
the proposed transmembrane simulation will screen peptides that cannot form a pore. These
simulations were performed for multiple initial conformations. Here we present the results for one
initial conformation for illustrative purposes. The effect of different initial conformations on water
channel formation is discussed in section 3.5.2. A snapshot (at 500 ns) of a 3:1 POPC/POPG mixed
lipid membrane in the absence of peptide and the density profiles of water and lipid head are shown
in Figure S4.2. Four molecules of a peptide were placed in the center of the lipid membrane, with
hydrophilic residues facing inwards. Their initial positions are given in Figure S4.3. Formation of
a water channel indicates a pore and therefore potential antimicrobial activity. Figure 4-4 shows
snapshots of MD simulation for the four peptides at 500 ns. Water channels as well as bending of
phospholipid heads can be observed for G5466. The bent phospholipids heads protrude into the
peptides, consistent with toroidal structure [23]. For G2250, no water channel formation is
observed and the bending of lipid heads is not significant. As a result, it does not form a pore.
Normalized density profiles of water, lipid head and peptide (Figure 4-5) clearly indicate the
formation of water channel and bending of lipid heads for G5466, and no water channel formed
for G2250, which is consistent with the snapshot results (Figure 4-4). Side view of 2D density
plots (Figure 4-9), clearly show water channel for G5466. Top views of water and peptide density
profiles also indicate pore formation. 2D density plot also clearly indicates that no water channel
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formation occurs for G2250. Since G2250 does not satisfy both criteria, viz. peptide-lipid binding
and pore formation, they are not likely to exhibit antimicrobial activity. In order to investigate the
effect of number of peptides on the proposed methodology, we also performed both surface as well
as transmembrane calculations for G5466 with six peptides and these results are given in SI (Figure
S4.4). MD simulation results with six peptides also indicated both binding as well as water channel
formation for G5466. The results obtained with six peptides were consistent with the results
reported above for four peptides. These results suggest that the proposed method for antimicrobial
activity is insensitive to the number of peptides (four or six) employed in the MD simulation.

Figure 4-4. Snapshots of transmembrane MD simulation at 500 ns for four peptides placed across
3:1 POPC/POPG mixed lipid bilayer. Color code: grey, lipid tails; blue, water; the other color
codes are the same as that given in Figure 4-2.
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Figure 4-5. Normalized density profiles of four transmembrane peptides in 3:1 POPC/POPG mixed
membrane averaged from 300 ns to 500 ns: (a) G2250; (b) G5466. Solid line: water; dashed line:
lipid; dotted line: peptide. The inset in these figures give the normalized density near the center of
the bilayer in expanded scale.

Figure 4-6. 2D density plot of four transmembrane peptides placed across 3:1 POPC/POPG
membrane. Density was averaged from 300 ns to 500 ns, showing water density (from top), peptide
density (from top) and water density (from side), respectively. The unit for coordinate is Å. Color
bar represents the number of atoms.
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In order to ascertain the robustness of the above method for identification of peptides for
antimicrobial activity, the sensitivity of this method to initial structure of chosen peptides as well
as number of peptides and force field was investigated. We present these results in the following
sections.
4.3.5

Effect of initial structures

4.3.5.1 Surface simulation
Table 1 lists the surface MD simulations that were performed for all the peptides investigated. For
illustration, here we present only the results for one peptide (G5466) that binds to the bilayer
surface. Other results are not shown.

Figure 4-7. MD simulation snapshots of G5466 with three different initial structures. Four peptides
were placed on the top leaflet of 3:1 POPC/POPG bilayer for initial and 500 ns. Color code: yellow,
POPC lipid heads; pink, POPG lipid heads; deep blue, charged residues; green, polar residues;
white, nonpolar residues. Lipid tails and water molecules are not shown for clarity.
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The binding affinity of G5466 for three different initial structures were studied by performing MD
simulation of four peptides that are placed at the upper leaflet of the lipid bilayer. Model1 has a
helicity of 55%, Helix has a helicity of 100%. The third structure, Implicit has a helicity of 0%.
The helicity is calculated by DSSP method [56]. Figure 4-7 shows the three initial peptide
structures and snapshots of peptides at 500 ns. From Figure 4-7, one can observe that the peptide
remained inside the lipid bilayer after 500 ns simulation for all the three cases.

Figure 4-8. The evolution of distance between the center of mass of four peptides and lipid
membrane as obtained by surface-membrane MD simulation for 3:1 POPC/POPG mixed lipid
bilayer. The four peptides are denoted by different colors. The dashed line indicated the interface
of the lipid and water environment. Three different initial structures obtained from G5466 (a)
Model 1; (b) Helix; (c) Implicit.

The evolution of the distance between the center of mass of peptides and lipid membrane as shown
in Figure 4-8 further demonstrated that all three initial structures are able to bind with the lipid
bilayer with all four peptides remaining inside the bilayer.
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Figure 4-9. Initial position of the hydrophobic and hydrophilic residues of the peptides placed on
the upper leaflet of the bilayer. Three different initial structures from G5466: (a) Model 1; (b)
Helix; (c) Implicit.

Figure 4-9 shows the initial position of the hydrophobic and hydrophilic residues of the peptides
placed on the upper leaflet of the bilayer. In all the cases, the distances of hydrophobic residues
from the center of mass of bilayer are smaller than those for hydrophilic residues thus indicating
that the former is facing inside the bilayer. However, the distribution of distances for residues are
different for the three cases thus indicating that the orientation of the residues are different. From
Figure 4-9, the initial structure coded as Model 1 shows the most separation of hydrophobic and
hydrophilic residues, and the structure coded as implicit shows the most overlap of hydrophobic
and hydrophilic residues on the upper leaflet of the bilayer. Figure 4-10 shows the evolution of
distance of center of mass of hydrophobic and hydrophilic residues from the lipid bilayer over 500
ns for three different initial conformations. As can be seen from Figure 4-10, the hydrophobic and
hydrophilic residues tend to be separated within a short time of simulation (50 ns as shown in the
inset of Figure 4-10); after 500 ns simulation, in all three cases, the hydrophobic residues are
located at around 14 Å from the lipid center of mass whereas the hydrophilic residues are located
at around 17 Å. For the initial peptide conformation coded as Implicit, which has the most initial
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overlap of hydrophobic and hydrophilic residues, a clear separation of hydrophobic and
hydrophilic residues can be seen during the simulation. Similar qualitative behavior could be
observed for individual peptides in all the three models as can be seen from Figure S4.5 even
though there are differences among individual peptides. This result indicated that irrespective of
initial conformation of peptides, the hydrophobic residues of the peptides tend to bind into the lipid
environment whereas the hydrophilic residues prefer to locate near the lipid head groups. These
results demonstrate that the binding affinity of peptides onto the top leaflet of lipid bilayer is
insensitive to their initial conformation.

Figure 4-10. The evolution of distance between center of mass of hydrophilic and hydrophobic
residues and lipid bilayer. Inner sets are enlarged x-axis from 0 to 50 ns. Three different initial
structures from G5466: (a) Model 1; (b) Helix; (c) Implicit.

4.3.5.2 Transmembrane simulation
The same peptide, coded as G5466 was used to study the effects of initial structure on formation
of water channel and bending of lipid head. Model1 has a helicity of 55%, Model2 has a helicity
of 60%. The third structure, Implicit has a helicity of 0%.
Figure 4-11 shows the initial peptide structures and snapshots for the three different structures
inside POPC/POPG lipid bilayer after 500 ns simulation. From the snapshots one can observe that
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although their initial structure and helicity vary a lot, they all form water channel, and the lipid
head bending are all significant for all three cases. For Model1, which is a helix and straight
structure, the four peptides kept vertical inside lipid membrane, and for Model2, one peptide
moved to the upper leaflet and the other three moved to the lower leaflet. For the Implicit structure,
all the four peptides shifted to the lower leaflet.

Figure 4-11. Snapshots of MD simulation of three structures of G5466 at 500 ns for four peptides
placed across 3:1 POPC/POPG mixed lipid bilayer. Color code: yellow, POPC lipid heads; pink,
POPG lipid heads; gray, lipid tails; blue, water; deep blue, charged residues; green, polar residues;
white, nonpolar residues.

The normalized density profiles along z direction for water molecules, lipid head groups and
peptides for the three structures are given in Figure 4-12. All three structures formed water channel
as indicated by their water density profiles. In addition, density distributions of bent lipid head
groups are similar for all three structures. The only difference is that for Model1, peptides stayed
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in the middle of lipid bilayer, whereas for Model2 and Implicit, most peptides shifted to the lower
leaflet, which is consistent with the snapshots in Figure 4-11. G5466 has four charged residues,
one closes to its N-terminal, one in the middle and other two close to C-terminals. With a straight
structure (Model1), the charged residues are almost evenly distributed inside bilayer; however,
with bent structures (Model2 and Implicit), the charged residue closest to N-terminal bent inside
lipid bilayer, thus resulting in accumulation of more charged residues near the bottom leaflet. This
is believed to be the reason that Model2 and Implicit all moved toward the lower leaflet.

a)

b)

c)

Figure 4-12. Normalized density profiles of four peptides in 3:1 POPC/POPG mixed membrane
averaged from 300 ns to 500 ns: (a) Model1; (b) Model2; (c) Implicit. Solid line: water; dashed
line: lipid; dotted line: peptide. The inset in these figures give the normalized density near the
center of the bilayer in expanded scale.

Besides water channel formation inside lipid bilayer and bending of lipid heads, one other
indication of formation of a stable pore is that the water channel is surrounded by peptides. From
2D density plots (Figure 4-13), all three structures formed a clear water channel (xz plane). For
Model1, the coordinate of center of water channel at xy plane is (5, -10), and the center of four
peptide coordinate is also (5, -10) at xy plane, which indicates the water channel formed inside the
peptides. Water channel was also observed inside the peptides for Model2 even though the actual
orientation of peptides around the channel may be slightly different. Whereas for Implicit structure,
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although the center of water channel is also same as the center of peptides (-10, -10), the four
peptides are not oriented around the water channel. This could be an indication of an unstable pore,
however, it is also possible that an oblique water channel was formed instead of a vertical one.

Figure 4-13. 2D density plot of four peptides averaged from 300 ns to 500 ns, showing water
density (from top), peptide density (from top) and water density (from side), respectively. The unit
for coordinate is Å. Color bar represents the number of atoms.

Different initial structures of a peptide can result in different evolution of its secondary
conformations during MD simulation. In addition, the peptide position inside lipid membrane can
also be affected, for the reason that with different structures, there is a different charge density
over the length of the peptide. For example, with a helical and straight structure, G5466 is able to
keep vertical inside lipid membrane since its charged residues are almost evenly distributed over
the peptide. On the other hand, with a bent structure, the charged residues could be accumulated
on one side, thereby resulting in excess electrostatic interaction which in turn would attract the
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peptide to either lower or upper leaflet of the lipid bilayer. However, different initial structures
yielded the same qualitative features for the formation of water channel and deformation of lipid
membrane. In addition, the helicity is not a prerequisite for water channel and lipid head bending.
The result agrees with MD simulation investigation on pore formation by melittin [57], which
indicated that melittin lost its helicity during the pore formation but still water channel formation
and lipid heads bending were observed. Similar results were observed for G2250, which are given
in SI (Figure S4.6 and S4.7).
4.3.6

Effect of force fields

Two force fields, Charmm36 and Amber were compared in this study. Typical comparison of the
two force fields is given in Figure 4-10 depicting the snapshots at 200ns of secondary
conformational change, number of lipid heads and number of water molecules in the central region
of lipid bilayer (z coordinates from-10 to 10 Å) for peptide G5466. The initial simulation boxes
that contain peptides, POPC/POPG 3:1 mixed lipids, water and ions were identical for the two
force fields.
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Figure 4-14. Comparison of force fields Charmm36 and Amber. a) Snapshots of MD simulation
at 200 ns. Color codes are the same as Figure 4-1. b) Overall helical content change of G5466 with
Charmm36 and Amber over time. c) Number of lipid heads in lipid bilayer center z(-10, 10) for
Charmm36 and Amber over time. d) Number of water molecules in lipid bilayer center z(-10,10)
for Charmm36 and Amber over time.

Three major differences can be observed in between Charmm36 and Amber force fields from the
snapshots at 200 ns for G5466 as shown in Figure 4-14a. The helical peptide structure was
maintained with Charmm36, whereas with Amber, there was partial loss of helicity (Figure 4-14b).
Second, the membrane bending is more significant for Charmm36. Third, although water channels
formation occurred in both cases, the numbers of water molecules in lipid bilayer is higher with
Charmm36 than with Amber (Figure 4-14a). The evolution of number of lipid heads in the bilayer
central region as shown in Figure 4-14c indicates that bending of lipid heads occurred much earlier
for Charmm36, increasing to a value of 10, whereas with Amber, the number of lipid heads

76
increased much slower attaining a value of only 3. The number of water molecules inside bilayer
is also higher for Charmm36 than Amber. The comparison between Charmm36 and Amber was
also applied to other two structures for G5466, the results for snapshots and normalized water and
lipid heads density plots are given in SI (Figure S4.8 to S4.9).
Table 4-3. Comparison of Charmm36 and Amber with 3 structures.
Water inside bilayer

Lipid heads bending

Code
Charmm36

Amber

Charmm36

Amber

G5466 (Model1)

+++

++

++

+

G5466 (Model2)

+++

++

+++

+

G5466 (Implicit)

+++

+++

++

+

* +++: significant; ++: medium; +: negligible

Table 3 summarizes the comparison of Charmm36 and Amber force fields on number of water
inside lipid membrane and number of bent lipid heads. From the comparison, one can note that the
two force fields do not have a significant effect on the number of water molecules inside lipid
bilayer. Number of bended lipid heads in membrane is somewhat less with Amber than Charmm36.
This could be an indication that the lipid membrane with Charmm36 is more flexible. However,
the results for water channel formation was found to be the same for both force fields. Therefore,
the prediction of water channel formation for transmembrane peptides is insensitive to the two
force fields.
4.3.7

Bioassay and viability studies.

As pointed out above, the peptides that satisfy (i) ability to bind to top leaflet of lipid bilayer and
(ii) ability for transmembrane peptides to form water channel are likely to exhibit antimicrobial
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activity. G5466 satisfied both criteria. In order to test the validity of proposed methodology, we
tested the antimicrobial activity of all four peptide segments against Gram positive L.
monocytogenes F4244 and against Gram negative E. coli O157:H7 EDL933 by spot-on-lawn assay,
as shown in Figure 4-15. Their susceptible MIC and inhibitory zone diameter are given in Table
4. No inhibitory ring was observed for peptide G2250, whereas G5466 is able to inhibit the growth
of L. monocytogenes at concentration of 5.3 μM/mL and above, and E. coli at concentration of
10.1 μM/mL and above. G5466 indicates that both peptides are more sensitive to L. monocytogenes
with a minimum inhibitory concentration (MIC) of 1.02 μM/mL (Figure 4-16). Experiments could
not be performed at higher peptide concentration because of limited solubility.

Figure 4-15. Spot-on-lawn test of antimicrobial activity of G2250 and G5466 against L.
monocytogenes F4244 and E. coli O157:H7 EDL933. The inhibitory rings at different
concentrations are indicated by circles.
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Figure 4-16. Effect of different concentration of G5466 on the growth of L. monocytogenes F4244
and E. coli O157:H7 EDL933 with time. (a) UV absorbance of G5466 against E. coli O157:H7
EDL933. (b) UV absorbance of G5466 against L. monocytogenes F4244.

Table 4-4. Susceptible MIC of G2250 and G5466 against L. monocytogenes F4244 and E. coli
O157:H7 EDL933 obtained by spot-on-lawn assay.
L. monocytogenes

E. coli

Susceptible
MIC
(µM/mL)

Susceptible
MIC
(µg/µL)

Zone
Diameter
(mm)

Susceptible
MIC (µM/mL)

Susceptible
MIC
(µg/µL)

Zone
Diameter
(mm)

G5466

5.3

12.5

3.7

10.1

25.0

6.3

G2250

> 49.4

> 100

Not observed

> 49.4

> 100

Not observed
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4.3.8

Comparison with online prediction.

Table 4-5. Comparison of experimental antimicrobial activity with predictions by online AMP
prediction tools.
Experimental
results

Our
prediction

G2250

No

No

G5466

1.02
μM/mL*

Yes

7a16a

0.91
μM/mL*

Yes

7a187b

No

No

Peptides

a

Online AMP prediction
APD

CAMP

DBAASP

iAMP-2L AntiBP2

Yes

Yes

No

No

No

Yes

No

Yes

No

No

Yes

Yes

No

No

No

Yes

Yes

Yes

No

No

FQTLFKNQYGHVRVLQRFNK, b SVIVEISKKQIRELSKHAKSS

*corresponding to 2.4 mg/mL for G5466 and 2.3 mg/mL for 7a16 in OD measurement of MIC
on the growth of Listeria monocytogenes.

In general, predictions of antimicrobial activity by different online prediction tools did not agree
with our results (Table 5). Antimicrobial Peptide Database (APD) [39] and Collection of AntiMicrobial Peptides (CAMP) [42] predictions for 7a187 and G2250 as well as Database of
Antimicrobial Activity and Structure of Peptides (DBAASP) [41] predictions for G2250 did not
agree with our experiments. iAMP-2L [47] and AntiBP2 [44] were unsuccessful in predicting
antimicrobial activity for G5466 and 7a16.

4.4

Discussion

The proposed methodology consists of three steps. The first prescreening step is based on selection
of peptides with physicochemical properties that are close to natural AMP. Based on MD
simulation that accounts for mechanistic peptide-lipid interaction, subsequent two steps identify
peptides (from prescreened candidates) that exhibit (i) binding affinity to surface of lipid bilayer
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and (ii) ability of transmembrane peptide aggregates to form water channel under ideal conditions.
Consequently, the proposed method is feasible with respect to its requirement of computational
resources. The robustness of proposed methodology was established by performing MD simulation
for surface binding and water channel formation for limited number of different initial
conformations. The proposed method identified the same peptides for antimicrobial activity from
the list of candidates (from initial screening) when AMBER or CHARMM36 force fields were
employed in MD simulation. In spite of high hydrophobic moment, concentration of its charge
near the C terminal favors G2250 to reside near the top leaflet mainly due to electrostatic attraction
(Figure 4-4) thereby preventing water channel formation. Although the physicochemical
properties of 7a187 are similar to those of 7a16, high total charge of 7 for the former results in it
moving away from the top leaflet into the water phase in surface simulation (Figure 4-2). High
total charge also leads to its movement to the lower leaflet in transmembrane simulation (Figure
4-4), not conducive to water channel formation. Since adsorption of peptide is the first step in its
penetration into the cell membrane to form a pore, it is important that the two criteria, namely,
tendency to stay on the lipid surface in surface simulation and water channel formation in
transmembrane simulation be satisfied for antimicrobial activity. Unlike the online prediction tools,
this methodology accounts for the effect of specific amino acid sequence of peptide on its
interaction with cell membrane. On the other hand, the current AMP prediction tools are data based.
Since APD [39] prediction is based on the assumption of helical structure, it does not give
sufficient weightage to the effect of charged residues and hydrophobicity on lipid-peptide
interaction. Since CAMP [42] and AntiBP2 [44] predictions are based on existing antimicrobial
peptide database, they are not mechanistic. The DBAASP [41] tool uses an algorithm of prediction
based on charge density, hydrophobicity, amphipathicity, location of the peptide in relation to
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membrane, propensities to disordered structure and aggregation but does not account for the
interaction of lipid head and water molecular with peptides in its prediction. iAMP-2L [47] takes
physicochemical properties of each amino acids (such as hydrophobicity, pK1 (C-COOH),A pK2
(NH3), PI (25oC) and molecular weight) into account in its fuzzy K-nearest neighbor (FKNN)
algorithm to predict antimicrobial activity and does not consider structural features and
amphiphilic characteristics. The main drawback of all these online prediction tools is that they
often fail to predict antimicrobial activity of peptides that does not have any similarity to existing
peptides in their database.
The results show that both G5466 exhibit higher antimicrobial activity to L. monocytogenes. This
could be that L. monocytogenes a Gram-positive bacterium, involves a single cytoplasmic
membrane [58], whereas Gram-negative bacteria such as E. coli have an outer membrane and an
inner membrane [59], which could increase the difficulty of penetration of AMPs into the bacterial
cell membrane thereby resulting in lower antimicrobial activity.
We believe that our methodology is better than existing online AMP prediction tools since it
provides a detailed information on the effects of charge distribution, amino acid sequence and
secondary structure of peptide on its interaction with cell membrane, and has the potential of
predicting antimicrobial activity against a specific microorganism and more importantly, it is
feasible with respect to its requirement of computational resources. We also demonstrated the
robustness of this methodology to number of peptides employed in MD simulation, initial peptide
structure and force field. Our methodology is validated by the fact that the antimicrobial activity
of four peptides (G2250, G5466, 7a16 and 7a187) as predicted by the proposed methodology,
based on the ability of (i) surface peptides to bind to the cell membrane and (ii) transmembrane
peptides to form water channels in the cell membrane, is consistent with the experimental
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measurements against L. monocytogenes F4244 (Gram-positive) and E. coli O157:H7 EDL933
(Gram-negative). The proposed methodology, therefore, can be applied to identify new sources of
AMP from several protein sources.

Acknowledgements
The work was supported by the Indiana Soybean Alliance. The authors would like to thank Dr.
Xiaoyu Wu and Dr. Xi Wu, Department of Agricultural and Biological Engineering at Purdue
University, for their assistance.
Supporting Information description
Supplemental information includes snapshots of top view of initial position and arrangement of
four peptides placed on the top leaflet of 3:1 POPC/POPG bilayer, snapshots of 3:1 POPC/POPG
mixed bilayer without any peptide and normalized density profile, and snapshots of initial position
and arrangement of peptides inside lipid membrane.

References
1.

Boman, H.G., Peptide antibiotics and their role in innate immunity. Annu Rev Immunol,
1995. 13: p. 61-92.

2.

Vizoli, J. and M. Salzet, Antimicrobial peptides from animals: focus on invertebrates.
Trends Pharmacol. Sci, 2002. 23: p. 494-496.

3.

Dittmer, J., et al., Incorporation of antimicrobial peptides into membranes: a combined
liquid-state NMR and molecular dynamics study of alamethicin in DMPC/DHPC bicelles.
J Phys Chem B, 2009. 113(19): p. 6928-37.

83
4.

Chen, Y., et al., Rational design of α-helical antimicrobial peptides with enhanced
activities and specificity/therapeutic index. Journal of Biological Chemistry, 2005.
280(13): p. 12316-12329.

5.

Hancock, R.E.W., Peptide antibiotics. Lancet, 1997. 349(9049): p. 418-422.

6.

Gennaro, R. and M. Zanetti, Structural features and biological activities of the
cathelicidin-derived antimicrobial peptides. Biopolymers, 2000. 55(1): p. 31-49.

7.

Dempsey, C.E., The actions of melittin on membranes. Biochimica et Biophysica Acta
(BBA)-Reviews on Biomembranes, 1990. 1031(2): p. 143-161.

8.

Steiner, H., D. Andreu, and R.B. Merrifield, Binding and action of cecropin and cecropin
analogues: antibacterial peptides from insects. Biochimica et Biophysica Acta (BBA)Biomembranes, 1988. 939(2): p. 260-266.

9.

Lee, J.-Y., et al., Antibacterial peptides from pig intestine: isolation of a mammalian
cecropin. Proceedings of the National Academy of Sciences, 1989. 86(23): p. 9159-9162.

10.

Ambroggio, E.E., et al., Direct visualization of membrane leakage induced by the antibiotic
peptides: maculatin, citropin, and aurein. Biophys J, 2005. 89(3): p. 1874-1881.

11.

Barbosa Pelegrini, P., et al., Antibacterial peptides from plants: what they are and how
they probably work. Biochemistry Research International, 2011. 2011: p. 9.

12.

Nawrot, R., et al., Plant antimicrobial peptides. Folia microbiologica, 2014. 59(3): p. 181196.

13.

Fjell, C.D., et al., Designing antimicrobial peptides: form follows function. Nature reviews
Drug discovery, 2012. 11(1): p. 37-51.

14.

Porter, E.A., B. Weisblum, and S.H. Gellman, Mimicry of host-defense peptides by
unnatural oligomers: antimicrobial β-peptides. Journal of the American Chemical Society,
2002. 124(25): p. 7324-7330.

15.

Saio, K., M. Kamiya, and T. Watanabe, Food processing characteristics of soybean 11S
and 7S proteins: Part I. Effect of difference of protein components among soybean varieties
on formation of tofu-gel. Agricultural and Biological Chemistry, 1969. 33(9): p. 13011308.

84
16.

Koshiyama, I., Chemical and physical properties of a 7S protein in soybean globulins.
Cereal Chem, 1968. 45(9): p. 394-404.

17.

Santiago, L.G., et al., Adsorption of soy protein isolate at air–water and oil–water
interfaces. Colloids and Surfaces A: physicochemical and engineering aspects, 2008.
323(1): p. 155-162.

18.

Thanh, V.H. and K. Shibasaki, Beta-conglycinin from soybean proteins. Isolation and
immunological and physicochemical properties of the monomeric forms. Biochimica et
Biophysica Acta (BBA)-Protein Structure, 1977. 490(2): p. 370-384.

19.

Badley, R., et al., The structure, physical and chemical properties of the soy bean protein
glycinin. Biochimica et Biophysica Acta (BBA)-Protein Structure, 1975. 412(2): p. 214228.

20.

Natarajan, S.S., et al., Characterization of storage proteins in wild (Glycine soja) and
cultivated (Glycine max) soybean seeds using proteomic analysis. Journal of agricultural
and food chemistry, 2006. 54(8): p. 3114-3120.

21.

Kuipers, B.J., A.C. Alting, and H. Gruppen, Comparison of the aggregation behavior of
soy and bovine whey protein hydrolysates. Biotechnology advances, 2007. 25(6): p. 606610.

22.

Hancock, R.E.W. and H.G. Sahl, Antimicrobial and host-defense peptides as new antiinfective therapeutic strategies. Nature Biotechnology, 2006. 24(12): p. 1551-1557.

23.

Brogden, K.A., Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria?
Nat Rev Microbiol, 2005. 3(3): p. 238-50.

24.

Lee, M.T., F.Y. Chen, and H.W. Huang, Energetics of pore formation induced by
membrane active peptides. Biochemistry, 2004. 43(12): p. 3590-9.

25.

Matsuzaki, K., Magainins as paradigm for the mode of action of pore forming
polypeptides. Biochim Biophys Acta, 1998. 1376(3): p. 391-400.

26.

Hallock, K.J., D.K. Lee, and A. Ramamoorthy, MSI-78, an analogue of the magainin
antimicrobial peptides, disrupts lipid bilayer structure via positive curvature strain.
Biophys J, 2003. 84(5): p. 3052-60.

85
27.

Ladokhin, A.S., M.E. Selsted, and S.H. White, Sizing membrane pores in lipid vesicles by
leakage of co-encapsulated markers: pore formation by melittin. Biophys J, 1997. 72(4):
p. 1762-6.

28.

Bechinger, B., The structure, dynamics and orientation of antimicrobial peptides in
membranes by multidimensional solid-state NMR spectroscopy. Biochim Biophys Acta,
1999. 1462(1-2): p. 157-83.

29.

Soliman, W., S. Bhattacharjee, and K. Kaur, Interaction of an antimicrobial peptide with
a model lipid bilayer using molecular dynamics simulation. Langmuir, 2009. 25(12): p.
6591-5.

30.

Manna, M. and C. Mukhopadhyay, Molecular dynamics simulations of the interactions of
kinin peptides with an anionic POPG bilayer. Langmuir, 2011. 27(7): p. 3713-22.

31.

Shi, L., et al., Tilt and azimuthal angles of a transmembrane peptide: a comparison
between molecular dynamics calculations and solid-state NMR data of sarcolipin in lipid
membranes. Biophys J, 2009. 96(9): p. 3648-62.

32.

Dorairaj, S. and T.W. Allen, On the thermodynamic stability of a charged arginine side
chain in a transmembrane helix. Proc Natl Acad Sci U S A, 2007. 104(12): p. 4943-8.

33.

Bechinger, B., Structure and functions of channel-forming peptides: magainins, cecropins,
melittin and alamethicin. Journal of Membrane Biology, 1997. 156(3): p. 197-211.

34.

Hara, S. and M. Yamakawa, Moricin, a novel type of antibacterial peptide isolated from
the silkworm, Bombyx mori. Journal of Biological Chemistry, 1995. 270(50): p. 2992329927.

35.

Pouny, Y., et al., Interaction of antimicrobial dermaseptin and its fluorescently labeled
analogs with phospholipid membranes. Biochemistry, 1992. 31(49): p. 12416-12423.

36.

Park, C.B., H.S. Kim, and S.C. Kim, Mechanism of action of the antimicrobial peptide
buforin II: buforin II kills microorganisms by penetrating the cell membrane and inhibiting
cellular functions. Biochemical and biophysical research communications, 1998. 244(1):
p. 253-257.

86
37.

Zhou,

L.,

et

al.,

Pore

formation

in

1,

2-dimyristoyl-sn-glycero-3-

phosphocholine/cholesterol mixed bilayers by low concentrations of antimicrobial peptide
melittin. Colloids and Surfaces B: Biointerfaces, 2014. 123: p. 419-428.
38.

Wu, X., et al., Characterization of antimicrobial activity against Listeria and cytotoxicity
of native melittin and its mutant variants. Colloids and Surfaces B: Biointerfaces, 2016.
143: p. 194-205.

39.

Wang, Z. and G. Wang, APD: the antimicrobial peptide database. Nucleic acids research,
2004. 32(suppl 1): p. D590-D592.

40.

Brahmachary, M., et al., ANTIMIC: a database of antimicrobial sequences. Nucleic acids
research, 2004. 32(suppl 1): p. D586-D589.

41.

Gogoladze, G., et al., DBAASP: database of antimicrobial activity and structure of
peptides. FEMS microbiology letters, 2014. 357(1): p. 63-68.

42.

Thomas, S., et al., CAMP: a useful resource for research on antimicrobial peptides.
Nucleic acids research, 2009: p. gkp1021.

43.

Lata, S., B. Sharma, and G. Raghava, Analysis and prediction of antibacterial peptides.
BMC bioinformatics, 2007. 8(1): p. 263.

44.

Lata, S., N.K. Mishra, and G.P. Raghava, AntiBP2: improved version of antibacterial
peptide prediction. BMC bioinformatics, 2010. 11(Suppl 1): p. S19.

45.

Sundararajan, V.S., et al., DAMPD: a manually curated antimicrobial peptide database.
Nucleic acids research, 2012. 40(D1): p. D1108-D1112.

46.

Drin, G. and B. Antonny, Amphipathic helices and membrane curvature. FEBS letters,
2010. 584(9): p. 1840-1847.

47.

Xiao, X., et al., iAMP-2L: a two-level multi-label classifier for identifying antimicrobial
peptides and their functional types. Analytical biochemistry, 2013. 436(2): p. 168-177.

48.

Loose, C., et al., A linguistic model for the rational design of antimicrobial peptides.
Nature, 2006. 443(7113): p. 867-869.

49.

Porto, W.F., O.L. Franco, and O.N. Silva, Prediction and rational design of antimicrobial
peptides. 2012: INTECH Open Access Publisher.

87
50.

Eisenberg, D., R.M. Weiss, and T.C. Terwilliger, The Helical Hydrophobic Moment - a
Measure of the Amphiphilicity of a Helix. Nature, 1982. 299(5881): p. 371-374.

51.

Eisenberg, D., et al., Analysis of membrane and surface protein sequences with the
hydrophobic moment plot. Journal of molecular biology, 1984. 179(1): p. 125-142.

52.

Jo, S., et al., CHARMM‐GUI: a web‐ based graphical user interface for CHARMM.
Journal of computational chemistry, 2008. 29(11): p. 1859-1865.

53.

Case, D., et al., Amber 14. 2014.

54.

Humphrey, W., A. Dalke, and K. Schulten, VMD: visual molecular dynamics. J Mol Graph,
1996. 14(1): p. 33-8, 27-8.

55.

Maupetit, J., P. Derreumaux, and P. Tuffery, PEP-FOLD: an online resource for de novo
peptide structure prediction. Nucleic acids research, 2009: p. gkp323.

56.

Kabsch, W. and C. Sander, Dictionary of protein secondary structure: pattern recognition
of hydrogen‐bonded and geometrical features. Biopolymers, 1983. 22(12): p. 2577-2637.

57.

Irudayam, S.J. and M.L. Berkowitz, Influence of the arrangement and secondary structure
of melittin peptides on the formation and stability of toroidal pores. Biochimica et
Biophysica Acta (BBA)-Biomembranes, 2011. 1808(9): p. 2258-2266.

58.

Hancock, R.E., Peptide antibiotics. The Lancet, 1997. 349(9049): p. 418-422.

59.

Ma, H., et al., Simulating Gram-Negative Bacterial Outer Membrane: A Coarse Grain
Model. The Journal of Physical Chemistry B, 2015. 119(46): p. 14668-14682.

88

INVESTIGATION OF INTERACTION OF AMYLOID Β
PEPTIDE (11-42) OLIGOMERS WITH POPC (1-PALMITOYL-2OLEOYL-SN-GLYCERO-3-PHOSPHOCHOLINE) MEMBRANE BY
MOLECULAR DYNAMICS SIMULATION 3

5.1

Introduction

Pore formation in cell membranes by amyloid β peptide (Aβ) aggregates is believed to be one of
the key steps leading to various neurological disorders such as Alzheimer disease (AD), Parkinson
disease (PD), spongiform encephalopathies, amytropic lateral sclerosis, Huntington disease [1].
The exact mechanism of pore formation and cell death in such cases is not well understood.
Elucidation of this mechanism will help greatly in the development of strategies for effective
treatment of these neurological disorders [2-5]. Different mechanistic studies of amyloid fibril
formation seem to indicate that amyloid pore is a common structural link among various
neurodegenerative diseases [6]. This mechanism of toxicity is similar to that displayed by
antimicrobial peptides. Pores formed in cell membranes result in ion channels which in turn lead
to imbalance of Ca2+ ions resulting in cell death [1, 7]. Many studies seem to indicate close
relationship between AD, PD, prion disease and pore formation [8]. Atomic force microscopy
studies reveals formation of pores in lipid bilayers by Aβ (1-42) [9, 10], with an 8−12 nm
doughnut-shaped structure and a 1−2 nm internal pore cavity [10], and composed of 3 to 6 Aβ βsheet subunits [11].

3

Chapter 5 is adapted from the manuscript “Investigation of interaction of amyloid β peptide (11-

42) oligomers with POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) membrane by
molecular dynamics simulation”, in preparation for submitting to Physical Chemistry Chemical
Physics.
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The permeabilization of membrane and neurotoxicity has been suggested by small soluble Aβ
oligomers, instead of Aβ monomers and fully developed fibril [12-15]. The oligomers that attach
to the membrane are β-sheet-rich [16]. Among Aβ species present in AD, Aβ (1-42) is shown to
be notably more toxic and has more aggregation propensities than Aβ (1-40), despite their small
difference in sequence [17-20]. The changes in Aβ metabolism, which results in an increase of
Aβ (1-42)/Aβ (1-40) ratio, is considered to be linked to early onset of AD [15]. When amyloid
precursor protein (APP) is cleaved by γ- and α-secretases, it forms two types of peptides: Aβ (17
– 42) [21]and Aβ (11 – 42) [22]. Many studies on atomic model of Aβ peptides use Aβ (17 – 42)
[23-27], since the crystal structure for residues from 1 to 16 were not known [24] and the
conformation details of Aβ (17 – 42) is well established [28]. Recently, ssNMR analysis by Xiao
et al [17] demonstrated an S-shaped triple-β-strand for Aβ (11-42) , which, therefore, provides a
new experimental validated conformation for further Aβ studies.
In the past decades, considerable attention has been drawn to the association between cholesterol
and development of AD. Several studies showed that lowering cholesterol levels prevents AD
development by reducing Aβ production and secretion [29-31], however, other contradictory
studies showed that cholesterol protect the neural cells from Aβ peptides [32, 33] and the depletion
of cholesterol renders neuronal plasma membrane more vulnerable to Aβ-soluble oligomers, and
increasing the cholesterol content of small unilamellar liposomes decreases Aβ-dependent
liposome fusion [34]. Therefore, the effect of cholesterol on AD still remains unknown.
Molecular dynamics (MD) simulation, a technique in which the evolution of positions of all atoms
belonging to peptides when interacting with phospholipid bilayer accounting for interatomic
interactions such as van der Waals, electrostatic etc. has been employed to evaluate the potential
energy of interaction [35, 36], peptide conformation [37], peptide orientation [38] and deformation
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of lipids [39-41]. MD simulation has helped to (i) elucidate the conformation of Aβ peptides and
their aggregates in the presence of membrane-mimicking solvent mixtures, detergent micelles, and
lipid bilayers; (ii) mimic the process of adsorption of Aβ peptides to the membrane surface and
(iii) describe the assembly of multiple peptides and subsequent membrane deformation and water
channel formation [42]. As a result, MD simulation is increasingly being applied to study peptidelipid interaction at atomistic level [43, 44], and can complement experimental studies by exploring
different time and length scales [44]. Tofoleanu et al [45] used MD simulation to study the
interaction between Aβ (1 - 40) dimer and POPE (phosphatidylethanolamine) membrane, and
demonstrated that electrostatic interaction between the dimer and the membrane is the main driving
force for conformational change, and that this interaction resulted in membrane thinning. Some
studies suggested helical Aβ structure at water-membrane interface [46-50], whereas some
indicated β-sheet structure [24, 51, 52]. Aβ pores were constructed using MD simulations,
including both helical and β-sheet secondary structures [52]. Jang et al. developed Aβ channels
using β-sheet U-shape Aβ (17 – 42), and observed water and ion across membrane through the Aβ
channels [53-55].
In this research, MD simulation was used to simulate Aβ (11 – 42) monomer and oligomer
interaction with lipid membrane. This is the first such investigation to study the Aβ-lipid
interaction using Aβ (11-42) in S-shaped triple-β-strand conformation. We investigated the effect
of cholesterol concentration on peptide-lipid binding, and proposed a possible mechanism for
formation of Aβ induced pore, by evaluating the free energy change for transfer of Aβ from
aqueous environment into lipid membrane, binding energy, deformation of lipids and water
channel formation. . The results of this research have potential application on prevention of pore
formation on lipid membrane by aggregation of amyloid β peptides.
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5.2
5.2.1

Methods
Molecular Dynamics (MD) simulation in lipid bilayer system

The initial β amyloid peptide structure is obtained from Protein Data Bank (2MXU) [17] with the
amino acids sequence of EVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA. Different number
of peptides (1 to 5) were tailored from the original β amyloid fibril (2MXU). The initial lipid
bilayer structure for the simulation was built using the CHARMM-GUI web tool [56]. The bilayer
in the simulation was represented by 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC)/cholesterol (CHL) mixed membrane with cholesterol concentration of 0%, 20% and 40%,
respectively. POPC and POPC/CHL mixed membrane are neutral membrane, mimicking neuro
cell membrane. The peptide/lipid ratio was 1/128 to 5/128 with one to five peptides inside the lipid
system. Chosen peptides were placed on the surface of lipid membrane to observe the interaction
of peptide and lipid membrane. The periodic box was filled with water molecules based on the
TIP3P [57] potential. 0.150 M KCl was added to neutralize the system. All-atom MD simulation
was employed with Gromacs/5.1.1 software package [58]. CHARMM36 force field [59, 60] was
employed for all the MD simulations in this investigation. Minimization of the structure to remove
bad contacts and steric hindrances is necessary before starting molecular dynamics calculations.
Careful minimization before slowly heating the system to 303 K was performed: first, the
configurational energy of the system was minimized by performing 5000 steps of a steepest
descent algorithm. The minimization was stopped when the maximum force < 1000 kJ/mol/nm.
The protein-membrane system, then, was relaxed prior to running production MD to reach the
target temperature (303 K). Molecular dynamics simulation in the constant volume (NVT)
ensemble was carried out until the target temperature of 303 K was reached where the pressure is
allowed to change so as to keep the volume of the box fixed. Constant pressure (NPT) ensemble
was used in the system simulation. Subsequent simulation ran at 303 K up to 500 ns with a time
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step of 2 fs. Periodic boundary simulations based on the particle mesh Ewald (PME) method was
carried out using NPT method with a cutoff at 12 Å, in which the temperature and pressure were
kept constant and the volume is allowed to change. Pressure was maintained at 1 bar using semiisotropic pressure with the Parrinello-Rahman barostat. The snapshots were visualized using VMD
[61] software.
5.2.2

Umbrella sampling simulation

Umbrella sampling simulation was employed for calculating the free energy of transfer of Aβ
peptides to the surface of pure POPC and POPC/CHL mixed bilayers and further to the interior of
the bilayers. The method is adapted and modified from Lemkul and Bevan [62]. We preformed six
cases for free energy calculation: 1 Aβ with POPC membrane, 3 Aβ with POPC membrane, 3 Aβ
with POPC membrane in which 2 Aβ restrained and only sampled 1 Aβ, and 1 Aβ with POPC/CHL
mixed bilayer with 0%, 20% and 40% of cholesterol. Three steps were included in potential mean
force (PMF) calculation, (i) equilibrium MD simulation, (ii) pulling simulation and (iii) umbrella
sampling simulation.
Equilibrium MD simulations were used to generate the starting configurations for pulling
simulations. Three different pulling simulations were performed, namely (i) a single peptide
removed from lipid bilayer both in the presence as well as in the absence of cholesterol (ii) a
trimer removed from lipid bilayer and (iii) a peptide is withdrawn from a trimer (leaving the other
two intact) in lipid bilayer. To obtain the initial configuration for these pulling simulations, in
each case, three peptides were first placed inside the lipid bilayer and equilibrated (using the same
methodology described in section 2.1) for 200 ns, and the end of equilibrium simulation
trajectories were used as the starting configurations for the above pulling simulations. In case of
pulling simulation for 1 Aβ in POPC membrane, two of the three Aβ peptides were removed and
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the other remaining peptide was restrained, followed by equilibrating the system for 100 ns under
an NPT ensemble, using the same methodology described in section 2.1, which was then followed
by removing the restraint.
In pulling simulations, the configurations obtained from above equilibrium simulation trajectories
were equilibrated for 100 ps with NPT ensemble, using the sample methodology as described in
section 2.1. After equilibration, lipid membrane was used as an immobile reference. The pulling
simulations were carried out along z-direction by pulling the center of mass (COM) of peptides
away from the COM of lipid membrane. Peptides were pulled away from lipid membrane along
z-direction over 300 ns. In one specific case for removal of one Aβ from a trimer in POPC
membrane, two Aβ peptides were restrained in their positions and only one Aβ was pulled away
from the lipid bilayer. A constant velocity of 0.00001 nm ps-1 was employed. The force constant
was setup as 1000 kJ mol-1 nm-2.
Snapshots obtained from pulling simulation trajectories were used to generate the starting
configurations for each windows of umbrella sampling simulation. An asymmetric distribution of
sampling windows was used, the window interval was 0.1 nm. The calculation regions were from
peptide in the aqueous environment to peptide in transmembrane state along the z-coordinate
(perpendicular to the bilayer). The COM distance between peptides and lipid bilayer and number
of windows for the six systems are given in Table 5-1. The umbrella sampling simulation also
included minimization, equilibration and production of the system. During simulations, all the
ensembles, cutoff, temperature and pressure were maintained the same as described in section 2.1.
The force constant used for restraining the peptides were 500 kJ mol-1 nm-2. In each window, 200
ns of MD was performed for a total simulation time of 28.6 μs for umbrella sampling. The last 50
ns for each windows were used to calculate and analyze for potential of mean force (PMF). The
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last 50 ns of calculation was divided into 10 blocks each of 10 ns duration so that there is overlap
of time periods. The free energy profile was evaluated using weighted histogram analysis method
(WHAM) [63].
Table 5-1. COM distances and number of windows for different umbrella sampling systems.

5.3
5.3.1

Systems

COM distance (nm)

Windows

1Aβ - POPC

0.9 to 3.5

26

3Aβ - POPC

1 to 3.5

25

3Aβ sampling 1Ab - POPC

1.3 to 3.6

23

1Aβ – POPC/CHL (0%)

0.7 to 3

23

1Aβ – POPC/CHL (20%)

0.7 to 3

23

1Aβ – POPC/CHL (40%)

0.7 to 3

23

Results and discussions
Effect of different orientation on peptide-lipid binding

We preformed simulations to investigate the effect of orientations on peptide-lipid binding. Figure
5-1 shows the snapshots of Aβ oligomer that consist of three peptides (trimer) initially placed on
the surface of lipid bilayer with three different initial orientations and their snapshots at 500 ns.
The initial distance between center of mass (COM) of Aβ trimer and COM of lipid bilayer for all
three cases are around 2 nm. After 500 ns, the orientations with Aβ oligomer parallel to the bilayer
and vertical to the bilayer with residue 42 ALA inside the bilayer showed that the peptides tend to
move outside the bilayer. However, the vertical orientation with residue 11 (GLU) inside the
bilayer showed that the peptide still remained inside the bilayer, with membrane deformation and
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water channel formation. Therefore, this orientation is considered to be the preferable orientation
for pore formation.

Figure 5-1. MD simulation snapshots of Aβ oligomer (3 peptides) placed with POPC bilayer for
initial and 500 ns for three different orientations. Color code: silver, POPC lipid heads; blue, water
molecules; deep blue, charged residues; green, polar residues; white, nonpolar residues. Lipid tails
not shown for clarity.
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Figure 5-2. Initial position of the hydrophobic and hydrophilic residues of the Aβ oligomer placed
on the top of the bilayer. Three different orientations: A. parallel; B. Vertical with residue 11 (GLU)
inside the bilayer; C. Vertical with residue 42 (ALA) inside the bilayer. Blue: hydrophilic residues;
Red: hydrophobic residues.

Aβ (11 – 42) peptide has 10 hydrophilic residues and 22 hydrophobic residues. Figure 5-2 shows
the initial position of the hydrophobic and hydrophilic residues of the Aβ oligomer (3 peptides)
placed at the upper leaflet of the bilayer. The distribution of distances for hydrophilic and
hydrophobic residues are different for the three cases. When the oligomer is placed parallel to the
bilayer, the distances of hydrophilic residues from the center of mass of bilayer overlap with the
distances of hydrophobic residues. Whereas the distribution of residues for the two vertical
orientations shows that the hydrophobic residues overlap only with part of the hydrophilic residues.
Figure 5-2B (residue 11 inside the bilayer) shows more hydrophilic residues towards the inside the
bilayer whereas Figure 5-2C (residue 42 inside the bilayer) shows that hydrophobic residues are
closer to the center of the lipid bilayer. Figure 5-3 shows the evolution of distance of center of
mass of hydrophobic and hydrophilic residues from the lipid bilayer over 500 ns for three different
initial orientations. As can be seen from Figure 5-3, for parallel orientation (Figure 5-3A), although
the hydrophilic and hydrophobic residues overlapped initially, within a short time of simulation,
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the hydrophilic residues moved toward the aqueous environment. The hydrophobic residues
remained on the upper leaflet of the bilayer, so that the peptides were still attached to the bilayer.
For vertical orientation with residue 11 (GLU) inside the bilayer (Figure 5-3B), the hydrophilic
residues are towards more to the center of the bilayer, and the hydrophobic residues also remained
under the upper phosphate lipid heads, and this position is stable all over the 500 ns simulation.
For the vertical orientation with residue 42 (ALA) inside the bilayer (Figure 5-3C), all the residues
moved to the aqueous environment shortly after the simulation, with hydrophilic residues fully
into the aqueous environment, thereby indicating that the interaction of hydrophilic residues with
aqueous phase is the predominant driving force for its removal from the bilayer..

Figure 5-3. The evolution of distance between center of mass (COM) of hydrophilic and
hydrophobic residues and lipid bilayer. Three different orientations: A. parallel; B. Vertical with
residue 11 (GLU) inside the bilayer; C. Vertical with residue 42 (ALA) inside the bilayer. Black:
COM of upper leaflet phospholipid heads; Blue: COM of hydrophilic residues; Red: COM of
hydrophobic residues.

Therefore, the preferable orientation for Aβ oligomer to stay stable inside bilayer and result in
deformation of lipid membrane is vertical orientation with residue 11 (GLU) inside the bilayer.
We also performed other angular orientations and distances from the bilayer, and the results are
given in supporting information (SI) Figure S5.1 and S5.2.
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5.3.2

Effect of number of peptides on peptide-lipid binding

Figure 5-4. MD simulation snapshots at 500 ns for different number of Aβ peptides. A. 1 Aβ; B.
2β; C. 3β; D. 5β. Color codes are the same as Figure 5-1.

The same vertical orientation with residue 11 (GLU) placed inside the bilayer (as shown in upper
middle panel of Figure 5-1) was used to study the effect of number of peptides on the binding
affinity and the ability of membrane deformation. The results, as given in Figure 5-4, show that
for 1 Aβ and 2 Aβ, the peptides moved from the interior of the bilayer to the bilayer surface. On
the other hand, the Aβ oligomers which consisted of 3 and 5 peptides, stayed insider the bilayer,
and resulted in membrane deformation and water channel formation.
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Figure 5-5. Normalized density profiles of Aβ peptides in POPC membrane averaged from 300 ns
to 500 ns: A. 1 Aβ; B. 2 Aβ; C. 3 Aβ; D. 5 Aβ. Solid line: water; dashed line: lipid; dotted line:
peptide.

Figure 5-6. 2D density plot of Aβ peptides placed across POPC membrane. Density was averaged
from 300 ns to 500 ns, showing water density (from side) and phospholipid head density (from
side), respectively. The unit for coordinate is nm. Color bar represents the number of atoms.
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Normalized density profiles of water and lipid head (Figure 5-5) shows that the Aβ monomer and
dimer bind to the lipid surface, with no water channel formation. , However, normalized density
profiles for water and lipid heads clearly indicate the formation of water channel and bending of
lipid heads for 3 Aβ and 5 Aβ, which is consistent with the snapshot results (Figure 5-4). Side view
of 2D density plots (Figure 5-6), clearly show water channel and membrane deformation for 3 Aβ
and 5 Aβ; 5 Aβ has a more significant water channel than 3 Aβ. 2D density plot also clearly
indicates that no water channel formation and membrane deformation occurs for 1 Aβ and 2 Aβ.
These results clearly show that the deformation of lipid membrane along with water channel
formation needs the presence of Aβ oligomer that consists of at least 3 peptides. These results
supported the research by Kayed et al [12], who demonstrated that Aβ oligomers result in an
increase of lipid bilayer conductance, whereas Aβ monomer has no such effect. Jang et al [64]
used U-shape Aβ (17 – 42) oligomer motif in their MD simulation, and demonstrated that a trimer
is the minimal oligomer size that can insert into the DOPC (Dioleoyl, 1,2-dioleoyl-sn-glycero-3Phosphocholine) bilayer. Poojari et al [13] using performed MD simulation for transmembrane
Aβ monomers and tetramers, which demonstrated that the monomers do not have the ability to
perturb the membrane, whereas tetramers can damage the membrane. In our investigation, Aβ
monomer and dimer bound to the lipid phosphate heads groups, whereas trimer and pentamer
remained stable inside the membrane thereby resulting in membrane damage and formation of
water channel, which elucidates the toxicity of Aβ oligomer instead of monomer.
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Figure 5-7. Umbrella sampling simulation. A. Energy change with reaction coordinate. Black, 1
Aβ; Red, Aβ oligomer (3 Aβ); Blue, sampling of 1 Aβ in a 2 Aβ already existed membrane. The
semi-transparent areas correspond to the solid lines are error bars. B. Snapshots at 200 ns of
umbrella sampling at different stage. Color codes are the same as Figure 5-1.

We compared the free energy for insertion of 1 Aβ and Aβ oligomer (3 Aβ) into the bilayer and
the insertion of 1 Aβ in a preexisting transmembrane pore consisting of 2 Aβ using umbrella
sampling, as shown in Figure 5-7. Peptide is above the upper leaflet of lipid bilayer when the
reaction coordinate is more than 2.3 nm. When the reaction coordinate is less than 2.3 nm, the
peptide is inside the membrane with the bottom leaflet referring to the reaction coordinate of 0.9
nm. The result indicates that for 1 Aβ, it can bind the membrane spontaneously, as indicated by a
decrease in free energy. 3 Aβ can bind the membrane more easily as indicated by a larger decrease
in free energy (faster decreasing on the slope), and it is more stable inside the bilayer upon
penetration compare to the other two cases as is evident by the existence of a deeper potential well.
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The insertion of 1 Aβ into a preexisting transmembrane pore consisting of 2 Aβ did not show a
more significant decrease in free energy, thus indicating that the addition of a peptide to a
preexisting pore is less likely. On the other hand, the result indicates that binding and subsequent
penetration into the bilayer by an oligomer that is formed in the aqueous medium is more likely.
AFM results shows that Aβ pores consist of 3 to 6 Aβ oligomer subunits [11, 55]. Jang et al
constructed Aβ channels that mimic the Aβ pores size observed by AFM [23, 27, 53-55], and
demonstrated the channel structure agrees with the AFM images, also the channel separated into
ordered Aβ subunits [23, 53], which suggested that small oligomer (tetramers or hexamers) firstly
insert into the membrane, then the channel is formed with insertion of more oligomer subunits
followed by aggregation [55]. The MD simulation performed by Strodel et al. [65] suggested that
Aβ pores may consist of tetrameric and hexametric β-sheet subunits. However, all these studies
are based on Aβ (17 – 42) pentamer NMR structure [28], which exhibits a U-shaped strand turnβ-strand motif. Poojari et al [13] also indicated that tetramers can damage the membrane. Whereas
in our investigation of Aβ (11 – 42), both trimer and pentamer can deform the membrane, this
difference could be due to the fact that Aβ (11 – 42) has a different S-shaped triple-β-strand [17].
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5.3.3

Effect of cholesterol

Figure 5-8. MD simulation snapshots of Aβ oligomer (3 peptides) placed with POPC bilayer at
500 ns for cholesterol concentration of 0%, 20% and 40%. Color codes: Tan, Cholestrol, the rest
are the same as Figure 5-1. Lipid tails and water molecules are not shown for clarity.

Figure 5-8 shows the snapshots at 500 ns for 1 Aβ and 3 Aβ with lipid bilayers which contain
POPC and 0%, 20% and 40% of cholesterol. The initial structure is the vertical with residue 11
(GLU) inside the bilayer (as shown in top middle panel of Figure 5-1). For 1 Aβ, the peptide moved
to the membrane upper leaflet for 0% and 20 % cholesterol. As for 40% cholesterol, most of the
peptide residues moved to the aqueous environment. For 3 Aβ, the peptide oligomer resulted in
deformation of 0% of cholesterol membrane, and the oligomer kept inside of the bilayer, whereas
for 20% and 40% of cholesterol, the membrane remains intact, and most of the residues in the
oligomers moved to the aqueous environment.
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Figure 5-9. A. The evolution of distances between the COM of 1 Aβ and COM of lipid membrane
contain different concentration of cholesterol. B. Membrane thickenss for lipid membrane contain
different concentration of cholesterol with the presence of 1 Aβ. Color code: black, 0% of
cholesterol; red, 20 % of cholesterol; blue, 40% of cholesterol; green dash line: lipid – water
interface.

The COM distance between peptide and lipid over time, and the membrane thickness over time
for 1 Aβ is given in Figure 5-9A and 9B respectively. For bilayer that contains no cholesterol, the
peptide remained mainly inside the bilayer over time. For bilayer that contains 20% cholesterol,
the peptide flocculated on the upper leaflet of the bilayer. And for bilayer that contains 40%
cholesterol, the peptide moved away from the bilayer. The membrane thickness over time showed
that with the increasing concentration of cholesterol, there is an increase of bilayer thickness. These
results indicated that cholesterol prevents binding of 1 Aβ.
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Figure 5-10. A. The evolution of distances between the COM of 3 Aβ and COM of lipid membrane
contain different concentration of cholesterol. B. Membrane thickenss for lipid membrane contain
different concentration of cholesterol with the presence of 3 Aβ. Color code: black, 0% of
cholesterol; red, 20 % of cholesterol; blue, 40% of cholesterol; green dash line: lipid – water
interface.

The COM distance between peptide oligomer (3 Aβ) and lipid bilayer over time as shown in Figure
5-10A also indicated that for bilayer contains 0% of cholesterol, the oligomer kept inside bilayer,
and for 20% and 40% cholesterol, the oligomer moved outside the bilayer, and 40% moved further
than 20% cholesterol, which indicates the increasing cholesterol prevents the binding of oligomer
with the lipid bilayer. The membrane thickness overtime shown in Figure 5-10B also indicated
that increasing cholesterol concentration results in increasing membrane thickness. Average
membrane thickness over 500 ns for 1 Aβ and 3 Aβ for cholesterol concentration 0%, 20% and
40% are given in Table 5-2. The increasing membrane thickness with increasing cholesterol
concentration demonstrates that cholesterol protects the membrane from thinning and deformation.
This may be attributed to the increase in membrane rigidity with cholesterol concentration [66].
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Table 5-2. Average membrane thickness over 500 ns.
Average membrane thickness (nm)
CHL – 0%

CHL – 20%

CHL – 40%

1 Aβ

3.79 ± 0.07

4.24 ± 0.07

4.54 ± 0.06

3 Aβ

3.69 ± 0.08

3.98 ± 0.08

4.49 ± 0.08

The binding energy for 1 Ab in three different membrane (cholesterol of 0%, 20% and 40%)
indicates that the binding energy is highest for membrane that contains no cholesterol, as shown
in Figure 5-7A. The electrostatic interaction energy is slightly higher than van der Waals
interaction energy for all three cases. Particularly, Lysine (K) residues is significantly important
on contribution to the electrostatic interactions, as given in Figure 5-7B. For membrane that
contains no cholesterol, K28 (residue 28) and K16 (residue 16) contributes mostly to the
electrostatic interaction. With the increasing of cholesterol concentration, the contribution of K16
decreased.

Figure 5-11. A. Total binding energy for lipid membranes contain different concentration of
cholesterol in the presence of 1 Aβ. B. Binding energy for individual amino acid residues for
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membranes contain different concentration of cholesterol in the presence of 1 Aβ. Color code:
Black, electrostatic interaction; Red, van der Waals interaction.

Figure 5-12. A. Total binding energy for lipid membranes contain different concentration of
cholesterol in the presence of 3 Aβ. B. Binding energy for individual amino acid residues for
membranes contain different concentration of cholesterol in the presence of 3 Aβ. Color code:
Black, electrostatic interaction; Red, van der Waals interaction.

For binding energy between Aβ oligomer (3 peptides) and lipid bilayer, with increasing cholesterol
concentration, the binding energy decreased, as shown in Figure 5-12A. Compared to 1 Aβ binding
energy with membrane with no cholesterol, Aβ oligomer containing 3 peptides shows that the van
der Waals interaction plays an more important role in binding energy, which demonstrates that
although electrostatic interaction in responsible for binding, the van der Waals interaction makes
the peptides stay in the membrane more stably. Particularly, Leucine (L34) plays an important role
in van der Waals interaction, which was not observed in 1 Aβ cases. For all three cases, the E11 is
significant in electrostatic interaction, which was not the case for 1 Aβ. There are many simulation
studies that have demonstrated that the Aβ peptides binding onto lipid membrane includes two
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steps. Initial interaction mainly due to electrostatic interaction between charged residues and lipid
phosphate head groups. Then hydrophobic interaction (residues from 17 – 21 and C-terminal
region from 30) further stabilize the -membrane bound peptide [44, 46, 47, 67, 68]. Our results
agree with these studies. For Aβ trimer that stabilized in the lipid bilayer, it exhibits significant
electrostatic interaction energy for charged residues E11 and K16, and van der Waals interaction
for residues from 17 – 21 and C-terminal region from residue 30. The electrostatic interaction
drives the initial binding, but it could prevent deeper insertion [45]. This could be the reason that
COM of Aβ trimer stabilized on the position that is just under the upper leaflet, but did not further
move to the lower leaflet.

Figure 5-13. Umbrella sampling simulation for lipid membranes contain 0%, 20 % and 40% of
cholesterol in the presence of 1 Aβ. A. Energy change with reaction coordinate. Black, 0%
cholesterol; Red, 20% of cholesterol; Blue, 40% of cholesterol. The semi-transparent areas
correspond to the solid lines are error bars. B. Snapshots at 200 ns of umbrella sampling at different
stage. Color codes are the same as Figure 5-8.
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The calculation of free energy shows that the peptide can bind to the bilayer with 0% of cholesterol
spontaneously, as the energy decreased with the insertion of peptide, as shown in Figure 5-13. On
the other hand, with the presence of cholesterol, there is an energy barrier for the peptide to
overcome in order to penetrating into the membrane. Membrane with 40% of cholesterol needs to
overcome a higher energy barrier compared to 20% cholesterol, which indicates that it is more
difficult for the peptide to penetrate in the membrane in the presence of cholesterol. The result
further demonstrates that the presence of cholesterol inhibits the binding and penetration of the
peptide. The presence of cholesterol may help to module the process of amyloid precursor protein
and Aβ production [29, 31], but in terms of pore formation, the presence of cholesterol protects
the membrane from Aβ oligomer deformation, possibly due to the higher rigidity and bending
modulus when cholesterol is present in the membrane [66, 69], compared to membrane that
contains no cholesterol. Sponne et at [34] also demonstrated that cholesterol protected neurons
from the soluble Aβ peptides and cholesterol in the lipid membrane protects PC12 cell from Aβ
peptides [32, 33].

5.4

Conclusion

Molecular dynamics simulation of Aβ (11-42) peptide, with POPC bilayers indicated that Aβ (1142) peptide oligomers with peptide number larger than two are more likely to lead to lipid
deformation and water channel, and the free energy of penetration into membrane decreased with
increasing number of peptides. Penetration of Aβ (11-42) peptide into POPC bilayer occurred with
orientation corresponding to N terminal inside the bilayer. Higher cholesterol concentration was
found to result in lower binding energy to the top leaflet of bilayer and higher energy barrier for
penetration of peptide into lipid bilayer. To the best of our knowledge, this is the first investigation
on the interaction of Aβ (11-42) peptide with simulated mammalian cell membrane that sheds light
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on possible mechanism of pore formation. The results of this research have potential application
in the prevention of pore formation on lipid membrane by β amyloid aggregates.
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SUMMARY AND RECOMMENDATION

6.1

Summary

In this research, we investigated interaction of possible AMP segments from soy protein with
POPC/POPG mixed bilayers by explicit solvent MD simulation. We investigated the effect of
segments’ physiochemical properties, such as (i) number of total and net charges, (ii)
hydrophobicity (iii) hydrophobic moment and (iv) helicity on their ability to bind to lipid bilayer
and their transmembrane aggregates to form pores. Pore formation was found to occur for net
charge threshold of 2, hydrophobicity threshold in the range of -0.3 to 0 kcal/mol, hydrophobic
moment threshold of 0.3 kcal/mol, and was insensitive to helicity. Low hydrophobicity and high
number of charges help in the formation of water channel when peptides were placed
transmembrane. However, peptide with low hydrophobicity and high charge needs to overcome a
higher free energy barrier to move from aqueous environment to lipid bilayer. Experimental
evaluation of antimicrobial activity of these peptides against Gram positive L. monocytogenes and
Gram negative E. coli as obtained by spot-on-lawn assay was consistent with simulation results.
Based on the determined thresholds, we developed a methodology for identification of AMP
segments from soy protein. Several peptides were firstly screened based on physicochemical
properties from the determined thresholds, then MD simulation was employed to investigate
peptide-lipid interaction. The criteria of identification of AMPs were based on a two-step
observation using MD simulation. Firstly, the peptides were place on the surface of lipid bilayer,
to investigate the binding affinity between peptide and lipid bilayer. Secondly, an aggregate of
peptides was placed transmembrane, to observe water channel formation and bending of
phospholipid heads. Only peptides that fulfill both criteria, namely (i) bind to lipid membrane, (ii)
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form water channel and deform lipid membrane, were predicted with antimicrobial activity. Two
peptides from soy protein with antimicrobial activity were identified using the methodology and
validated with bioassay experiments. The robustness of this methodology was demonstrated for (i)
number of peptides employed in MD simulation, (ii) initial peptide structure and (iii) force fields.
This methodology can be applied to identify new sources of AMP from several protein sources.
The investigation of interaction of Aβ (11-42) peptides with lipid membrane indicated that Aβ (1142) peptide oligomers with peptide number larger than two are more likely to lead to lipid
deformation and water channel, and the free energy of penetration into membrane decreased with
increasing number of peptides. Higher concentration of cholesterol in the lipid membrane resulted
in higher membrane thickness, as well as a higher energy barrier for penetration of peptide into
lipid bilayer. Therefore, the presence of cholesterol inhibits the binding and penetration of the
peptide, thereby protecting the membrane.

6.2

Recommendation
a. Validation of proposed identification method by using other protein sources

In this dissertation, we proposed a methodology for identification of AMPs from soy protein. This
methodology can also be applied to identify AMPs from any protein source. Future study can be
continued by using the methodology for identification of AMPs from other protein sources.
b. Development of methodology to produce AMP segments from soy protein
We developed a methodology for identification of AMPs from soy protein, however, production
of identified AMPs from soy protein can still be challenging. A possible way is to use enzymatic
hydrolysis to cleave the protein on the desire sites, then using purification methods such as ion
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exchange chromatography (IEC), size exchange chromatography (SEC) and High-performance
liquid chromatography (HPLC) to obtain the identified peptide segments.
c. MD simulation of entire pore formed by Aβ (11-42)
Our investigation suggested trimer is the smallest oligomer that can penetrate into POPC
membrane. It would be of interest to have a pore constructed which contains different oligomer
units, and investigate the properties of the pore such as pore stability, secondary structure of
peptide, binding of different ions in the pore, etc.
d. Experimental validation of Aβ (11-42) MD simulation results
Synthesis of Aβ (11-42) could be difficult because of its high hydrophobicity. But if it can be
achieved, experimental validation could be valuable for further investigation of pore formation
mechanism. Experiment can include two parts. (i) Use of liposome with different peptide
concentrations, which represent Aβ (11-42) monomer, oligomer and large aggregates, to
investigate pore formation by measuring fluorescence leakage overtime. (ii) Investigate the effect
of cholesterol concentration on pore formation by Aβ (11-42) peptides by comparing fluorescence
leakage intensity for liposome that contain different concentration of cholesterol.
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APPENDIX. SUPPORTING INFORMATION

MD simulation used Amber force field
AMBER ff99SBildn [1] force field (employed for the peptides) and Lipid11 force field [2]
(employed for lipid force field) were used and the combination of these two force fields would be
referred to hereafter as Amber force field. Careful minimization to remove bad contacts and steric
hindrances was performed before slowly heating the system to 303 K: first, the configurational
energy of the system was minimized by performing 2000 steps of a steepest descent algorithm
followed by 3000 steps of a conjugate gradient algorithm [3]. The protein-membrane system, then,
was relaxed prior to running heating MD using constant pressure (NPT) to reach the target
temperature (303K). During the heating, the position of lipid atoms was kept fixed with harmonic
constraints. A 5 ns MD simulation at 303 K with a NPT ensemble was performed to equilibrate
the system followed by 50/100 ns production runs of constant surface tension “γ” (NPγT)
simulation. Langevin dynamics was employed with a collision frequency γ = 1 ps−1. Semiisotropic
pressure scaling was used to maintain the pressure at 1 atm with a constant surface tension value
set to 15 dyne/cm. Nonbonded interactions were calculated with a cutoff at 10 Å; full electrostatics
was employed using the particle-mesh Ewald method. Covalent bonds involving hydrogen atoms
were held rigid with the SHAKE algorithm, allowing a 2 fs time step.
Calculation of hydrophobicity and hydrophobic moment
The Hydrophobicity is calculated using equation (H) shown below:
𝑁𝑁

1
𝐻𝐻 = � 𝐻𝐻𝑛𝑛
𝑁𝑁
𝑛𝑛=1

Where N is the sequence length, 𝐻𝐻𝑛𝑛 is the hydrophobicity of the nth amino acid in the sequence.
Hydrophobicity scale is using Eisenberg scale [4].
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Hydrophobic moment is calculated using equation (𝜇𝜇𝐻𝐻 ) shown below:
𝜇𝜇𝐻𝐻 =

𝑁𝑁

2

𝑁𝑁

2 1⁄2

1
��� 𝐻𝐻𝑛𝑛 𝑠𝑠𝑠𝑠𝑠𝑠(𝑛𝑛𝑛𝑛)� + �� 𝐻𝐻𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐(𝑛𝑛𝑛𝑛)� �
𝑁𝑁
𝑛𝑛=1

𝑛𝑛=1

Where N is the sequence length, 𝐻𝐻𝑛𝑛 is the hydrophobicity of the nth amino acid in the sequence
and nδ is the angle separating side chains along the backbone with δ=100° for an alpha helix.

Figure S3.1. Initial peptide structure and initial position and arrangement of peptides inside lipid membrane.
Color code: pink: POPG lipid head; yellow: POPG lipid head; gray: lipid tails; blue: water. Color code for
peptides: white: hydrophobic residues; green: polar residues; deep blue: basic residues; red: acidic residues.
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Figure S3.2. MD simulation of force fields Charmm36 and Amber for G2341. a) Snapshots of MD
simulation at 200 ns. Color code: the same as Figure S1) Normalized lipid heads density profile
for Charmm36 and Amber over time. c) Normalized water density profile for Charmm36 and
Amber over time.

Figure S3.3. MD simulation of force fields Charmm36 and Amber for G3337. a) Snapshots of MD
simulation at 200 ns. Color code: the same as Figure S1. b) Normalized lipid heads density profile
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for Charmm36 and Amber over time. c) Normalized water density profile for Charmm36 and
Amber over time.

Figure S3.4. MD simulation of force fields Charmm36 and Amber for G5371. a) Snapshots of MD
simulation at 200 ns. Color code: the same as Figure S1. b) Normalized lipid heads density profile
for Charmm36 and Amber over time. c) Normalized water density profile for Charmm36 and
Amber over time.
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Figure S3.5. MD simulation of force fields Charmm36 and Amber for 7S1. a) Snapshots of MD
simulation at 200 ns. Color code: the same as Figure S1. b) Normalized lipid heads density profile
for Charmm36 and Amber over time. c) Normalized water density profile for Charmm36 and
Amber over time.

Figure S3.6. MD simulation of force fields Charmm36 and Amber for 7S2. a) Snapshots of MD
simulation at 200 ns. Color code: the same as Figure S1. b) Normalized lipid heads density profile
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for Charmm36 and Amber over time. c) Normalized water density profile for Charmm36 and
Amber over time.

Figure S3.7. Average helicity of peptides over time.

Figure S4.1. Top view of initial position and arrangement of four peptides placed on the top leaflet
of 3:1 POPC/POPG bilayer. (a) G2250; (b) G5466. Color code: pink: POPG lipid head; yellow:
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POPG lipid head. Color code for peptides: write: hydrophobic residues; green: polar residues; deep
blue: basic residues; red: acidic residues. Lipid tails and water molecules are not shown for clarity.
(Using Charmm36 force field)

Figure S4.2. A 3:1 POPC/POPG mixed membrane in absence of peptide. A: snapshot at 500 ns.
Color code: pink: POPG lipid head; yellow: POPG lipid head; gray: lipid tails; blue: water. B:
normalized density profile averaged for last 200 ns. Solid line: water; dashed line: lipid head.
(Using Charmm36 force field)
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Figure S4.3. Initial position and arrangement of peptides inside lipid membrane. Color code: pink:
POPG lipid head; yellow: POPG lipid head; gray: lipid tails; blue: water. Color code for peptides:
write: hydrophobic residues; green: polar residues; deep blue: basic residues; red: acidic residues.
(Using Charmm36 force field)

Figure S4.5. Snapshots of six G5466 placed on the surface of the lipid bilayer, left panel: initial
position, right panel, after 500 ns. Color code: yellow: DOPC lipid head, pink: DOPG lipid head,
green: polar residues, white: nonpolar residues, blue: basic residues, red: acidic residues. (Using
Amber force field)
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Figure S4.5. The evolution of distance between center of mass of hydrophilic and hydrophobic
residues and lipid bilayer, for individual peptides in all the three models of G5466, namely Model
1, Model 2 and Implicit.
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Figure S4.6. Snapshots at 500ns of four G2250 placed inside the lipid bilayer. Color codes are
the same as Figure S4.3. (Using Charmm36 force field)

Figure S4.7. 2D density plot of two structures of G2250 averaged from 300 ns to 500 ns, showing
water density (from top), peptide density (from top) and water density (from side), respectively.
(Using Charmm36 force field)
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Figure S4.8. Comparison of force fields Charmm36 and Amber for G5466 Model2. a) Snapshots
of MD simulation at 200 ns. Color code: yellow, POPC lipid heads; pink, POPG lipid heads; gray,
lipid tails; blue, water; deep blue, charged residues; green, polar residues; white, nonpolar residues.
b) Overall helical content change of G5466 Model2 with Charmm36 and Amber over time. c)
Normalized lipid heads density profile of G5466 Model2 for Charmm36 and Amber over time. d)
Normalized water density profile of G5466 Model2 for Charmm36 and Amber over time.
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Figure S4.9. Comparison of force fields Charmm36 and Amber for G5466 Implicit. a) Snapshots
of MD simulation at 200 ns. Color code: the same as Figure S4.1. b) Overall helical content change
of G5466 Implicit with Charmm36 and Amber over time. c) Normalized lipid heads density profile
for Charmm36 and Amber over time. d) Normalized water density profile for Charmm36 and
Amber over time.
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Figure S5.14. Angular orientations of Aβ (11-42) inside POPC lipid bilayer. Color code: silver,
POPC lipid heads; blue, water molecules; deep blue, charged residues; green, polar residues; white,
nonpolar residues. Lipid tails not shown for clarity.

Figure S5.15. Different position of Aβ (11-42) inside the bilayer. Color code: the same as Figure
S1.
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